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Abstract 	  	  
In this work Cu2ZnSnS4 (CZTS) nanocrystals (NCs) were prepared via a 
solvothermal, one-pot method. Given that the composition affects the electronic properties of 
this p-type semiconductor, comparative compositional analysis was done from various 
designed and synthesized analogues. EXAFS studies indicated that the stoichiometries with 
lower Cu-contents (Cu Sn+Zn<1) contained a more conserved crystal structure vs. the 
compositions with higher Cu concentrations.  
The effects of Cu were further studied, using Cu-poor and Cu-stoichiometric NCs. 
This time the precursor content of Zn was also increased to yield samples with Zn rich 
compositions. NCs in which the Cu concentration was below stoichiometric 
(Cu1.8Zn1.1Sn1.0S4.8) were more crystalline and yielded a higher photoresponse (~53 µA/cm2).  
The compositionally optimized CZTS NCs were then deposited using four 
experimental approaches to yield CZTS thin films: (1) drop cast, (2) joule heating, (3) dip 
coating and (4) spin coating. The depositions were carried out on FTO and Mo-coated 
substrates. Comparably, films fabricated using the spin coat method, consistently exhibited a 
good photoresponse (FTO=69-75 µA/cm2, Mo=60-77 µA/cm2), along with smoother surfaces 
with less carrier traps. The NCs deposited in this manner were further used for device 
fabrication. The preliminary results of the final device yielded a low efficiency indicating 
that optimization of the processes post-deposition, are required. 
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Chapter 1. Introduction	  
 
 
Solar cells have become one of the most promising sources of renewable energy; however, 
one of the most challenging tasks has been the development of cost-effective, non-toxic, 
efficient devices via a low energy and waste procedural method. This thesis will focus on 
addressing these challenges by synthesizing Cu2ZnSnS4 (CZTS) light absorbing layers via a 
solvothermal, one-pot method in the absence of toxic solvents. CZTS is an abundant, non-
toxic quaternary semiconductor with a high absorption coefficient (104 cm-1) and a direct 
energy band gap of ~1.5 eV, which is in alignment with the solar spectrum.1-3 These 
properties among others make them ideal candidates for device applications. 
  Solar Energy 1.1.
Currently, the primary source of energy arises from the use of fossil fuels, which are 
limited. As the world’s energy consumption increases, the consequences associated with the 
use of petroleum, coals and gases become of greater concern. Our dependency on these non-
renewable resources also has an economic impact as imports create reliance and further 
inflate costs. Their uses have caused various adverse effects, such as greenhouse gas 
emissions, water pollutants and acid rain, to list a few. Numerous international policies have 
been implemented to stimulate the development of green technologies for environmental 
protection, as long term use of these developments will reduce environmental damage.4-5 For 
instance, the Kyoto Protocol was created to reduce global pollution. All of its members 
committed to decrease their production of greenhouse gas emissions by 18% below 1990 
levels (62 Mt of CO2 emissions per capita), by the year 2020.6-8 
The long-term solution is to use cleaner sources of energy such as hydropower, 
geothermal, wind and solar, to list a few. These renewable sources of energy are beneficial as 
they allow a society to be more independent and less reliant on imports. This introduces 
energy security as the required energy is generated on site and the source of energy is 
unlimited. Further, they can reduce the consumption of non-renewable resources, by 
generating and storing energy.   
Among these sources, solar radiation is of particular interest, as it currently supplies 
the earth with 10,000 times more energy than is consumed yearly.9 In theory, that would 
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mean that if 0.1% of the Earth’s surface were covered with solar cells that contained an 
efficiency of 10%, the current energy needs of the population would be satisfied.8 Solar 
energy is abundant, environmentally friendly and a sustainable resource. Solar power can be 
generally divided into two categories: thermal and electrical.10 Thermal refers to the use of 
sunlight to produce heat; this can be collected using mirrors or dishes, which focus light and 
convert it into heat. Electrical energy, uses photovoltaic (PV) devices to convert light energy 
into electrical. This has wide applications, as approximately 30% of produced energy is 
consumed via electricity.11   
PVs have become one of the most promising sources of renewable energy, as they are 
inexhaustible. The only issue that remains is that current PVs have not been able to compete 
with fossil fuels due to their high production costs, low efficiencies and the presence of some 
toxic compounds within their materials.12-15 As a result, the only challenge that persists is the 
development of cost-effective, non-toxic, efficient devices via low energy and waste 
procedural methods. In Canada alone it is expected that electricity consumption is to grow at 
a rate of 1.5 to 2%, annually;16 in turn, the demand for cheap and efficient PV systems is the 
focus of many sectors.  
 Theory Behind Photovoltaic Cells 1.2.
1.2.1. Semiconductor Materials 	  
The most common PV devices are made from semiconductor materials in which 
enable the conversion of sunlight to electrical energy. As shown in Figure 1.1, 
semiconductors exist in three forms: intrinsic, p-type and n-type.17 Intrinsic (i-type) 
semiconductors are pure enough that impurities do not appreciably affect their electrical 
behavior, an example being silicon. It contains an equal number of electrons and holes.  
 
	  
Figure 1.1. The band structures of the three different semiconductors (a) i-type, (b) n-
type and (c) p-type. 
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It simply consists of a valence band (VB) and a conduction band (CB) with no other energy 
levels in between (Figure 1.1 (a)). The VB is the energy level in which the electron is bound 
and when promoted to the CB it is considered to be in a free state. The region in between the 
VB and CB is termed the energy band gap (Eg), which is the minimum change in energy that 
is required to excite an electron from the VB to the CB. 
  An n-type semiconductor is doped with impurity atoms in order increase the materials 
conductivity via the addition of an extra energy level (Figure 1.1 (b)). Specifically, extra 
electrons are introduced in the material via electron donor dopants; an example would be Cr-
doped CdS.18 This introduces an extra electron energy level near the CB to allow for easier 
promotion of electrons to the CB. Lastly, a p-type semiconductor is doped with acceptor 
impurities (Figure 1.1 (c)). The additional empty energy level is near the VB, lowering the 
energy required for electrons to be excited from the VB.  
1.2.2. p-n Junctions in Semiconductors 
The first step required for the production of majority of solar devices is via contact of 
a p-type and an n-type semiconductor, to form what is called a p-n juntion (Figure 1.2).19 As 
shown a p-type semiconductor is electron poor while an n-type semiconductor is electron 
rich (Figure 1.2 (a)). The different charges allows for greater conductivity within the material 
as it creates charge mobility. The fact that the charges are able to move freely permits them 
to carry an electrical current.  
Upon contact, electrons diffuse from the n-type to the p-type semiconductor (Figure 
1.2 (a)).	  This creates a region at the interface called the space charge region (SCR), in which 
the n-type semiconductor is electron poor and the p-type is electron rich (Figure 1.2 (b)). At 
this point an electric field exists across the SCR due to the charge separation. When photons 
from light strike the surface of the PV cell a mobile electron-hole pair is generated (Figure 
1.2 (c)). The electric field causes the electron to diffuse to the n-type semiconductor and the 
hole to “flow” to the p-type semiconductor, resulting in a potential difference or voltage. 
Once the cell is connected to an external circuit the holes and electrons driven around the 
circuit can form a current.  
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Figure 1.2. The p-n junction in a solar cell (a) p-type and n-type semiconductor after 
contact, (b) the formation of the space charge region (SCR), (c) upon light exposure ①  
an electron hole pair is formed ②  and when a potential is applied the electron and hole 
are separated ③ . 	  
 Three Generations of Photovoltaic Devices 1.3.
There exists a large scale of semiconductor materials suitable for the production of 
solar cells. The difference in material largely affects the overall cost and efficiency of the 
device. PV devices can be classified into three generations. The first are based on crystalline 
silicon, which is currently the dominant solar cell technology. The cost of crystalline silicon 
is considered relatively high, primarily because of the energy-intensive processes required for 
its production. An essential step in its fabrication requires heating of the material at 1500°C, 
to ensure purity.20 Furthermore, the required thickness of the material (200 - 250 µm) adds an 
additional cost to the device. Although the efficiency has reached 25.6%21, the heavy weight 
of the material results in a final cost of $3.40/W, after installation and labor fees.22 This is 
double the initial cost of just the material ($1.70/W).22  
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The production of second generation solar cells were introduced to overcome the cost 
of the first generation. These are based on thin film materials, the most common being: 
amorphous silicon, CuInGaS2 (CIGS) and CdTe. They have reached efficiencies of 10.2%, 
21.7%, 21.0%, respectively.21, 23 While thin films are only a few micrometers thick, they can 
achieve similar efficiencies as ones seen for crystalline silicon. It is important to note that the 
theoretical efficiency of a solar cell with a single p-n junction is limited to 33.7%, according 
to the Shockley-Queisser limit.24 This is primarily due to three reasons: the first being that 
some of the energy of photons is lost when their energy is greater than the band gap of the 
semiconductor, the second is due to the loss of photons that contain a lower energy than the 
band gap of the PV material and the third refers to recombination losses. The calculated 
maximum limit corresponds to a semiconductor with an energy band gap of 1.4 eV. 
Third generation solar cells were created to overcome the Shockley-Queisser limit 
and further increase the efficiency of PVs. These are commonly known as multijunction solar 
cells. They use a combination of thin films, such as GaInP/GaAs/Ge,25 in order to utilize the 
multiple band gaps present in the different absorbing layers such that the device can absorb 
photons of various energies. The p-n junctions of these materials are electrically connected in 
series; therefore appropriate bandgaps are selected to ensure similar currents are generated.26 
It is important to note that these PVs continue to use scarce/toxic elements. The fabrication 
costs of these solar cells are estimated to be $5-8/cm2.27 Although the current world record 
efficiency for multijunction devices is 43%, the cost has made them uneconomical for mass 
production.27-28  
 Cu2ZnSnS4 Thin Film Solar Cells 1.4.
1.4.1. Properties and Overview 
Second generation thin films have shown to be a cheap alternative to first generation 
solar cells, with comparable efficiencies. As previously indicated CIGS thin films are one of 
the most commonly used second-generation solar cells. Their large-scale commercialization 
has been limited to their high cost and scarce availability of In and Ga; in turn, increasing 
research interests have been dedicated towards the production of thin films made with earth-
abundant materials.  
Since the late 2000s, Cu2ZnSn(S,Se)4 (CZTS/CZTSe) light absorbing thin films (1-2 
µm thick) have drawn great attention, as they are composed of elements richly distributed in 
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the earth’s crust.29 Derived from CIGS, the group III elements, In and Ga, are substituted 
with Zn and Sn, generating I2-II-IV-VI4 CZTS. These low cost, non-toxic elements were an 
attractive alternative to the former. Further, their ideal properties made them promising 
materials for photovoltaic applications.  
CZTS/CZTSe are quaternary chalcogenide p-type semiconductors that have a high 
absorption coefficient of 104 cm-1; allowing 90% absorption of the incident light.1-3 The 
ground-state structure consists of alternating Cu/Zn and Cu/Sn layers with S atoms 
coordinated in between.30 CZTS and CZTSe contain a band gap of approximately 1.5 eV and 
0.9 eV, respectively.1-3, 31 From an environmental view the use of CZTS is preferable over 
CZTSe, due to the absence of Se. The higher band gap also makes it a more desirable option. 
The schematic diagram of the layers of a full device is shown in Figure 1.3. The 
absorbing layer can be deposited on various conductive coated substrates such as fluorine-
doped tin oxide (FTO), indium-doped tin oxide (ITO) or Molybdenum. These coatings 
provide an electrical contact with the CZTS layer. The n-type semiconductor of the device 
consists of a buffer layer and a window layer. The CdS is an n-type buffer layer, which is 
usually deposited by a chemical bath deposition method.32-34 ZnO and aluminum-doped zinc 
oxide (ZnO:Al) are n-type window layers and are commonly deposited by sputtering.35-37 
The Photovoltaic (PV) effect, which is the phenomenon that occurs after light strikes a film 
and causes current to flow in one direction, takes place between the CZTS and n-type 
junction.38  
 
	  
Figure 1.3. Layers of a CZTS solar cell device. 	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1.4.2. History of Cu2ZnSnS4 Devices 
The first report of the photovoltaic properties of CZTS was in 1988 by Ito and 
Nakazawa, whom fabricated the thin film via sputtering.39 The device demonstrated an open-
circuit voltage (Voc) of 165 mV, confirming its PV effects. Thereafter, increasing research 
led to a series of improvements in the device. Katagari and coworkers did extensive work 
which lead to an initial device efficiency of 2.62%40 in 2001, 5.45%41 in 2003 and 6.7%42 in 
2008. Their highest performing device (2008) was deposited on Mo-coated glass and 
consisted of CdS as the n-type buffer layer and ZnO:Al as the window region. The films 
were prepared via an initial sputtering of the precursors, followed by thermal sulfurization at 
580°C for 3 hrs.  
In recent years Solar Frontier announced device efficiencies of 9.7%,43 11.1%44 and 
12.6%15 in 2010, 2012 and 2013, respectively. The fabrication of the films were done using a 
non-vacuum based approach. The authors used a hydrazine pure-solution to spin coat the 
samples onto an Mo-coated glass. The samples, comprising of Se and S were annealed at 
500°C to fabricate Cu2ZnSn(Se,S)4. 
Overall, both vacuum and non-vacuum based techniques have been used to fabricate 
high quality CZTS films. In comparison, the fabrication using the latter has demonstrated to 
be more cost effective and less energy intensive. To date, the highest efficiency CZTS 
devices have used non-vacuum based approaches. These are generally known as solution 
based fabrication techniques,45 some of which include: spray pyrolysis,46 electro- and photo-
chemical deposition,47-48 sol-gel technique,49 spin-coating method50 and electrodeposition.51  
 Aims and Objectives of This Thesis 1.5.
Despite the recent advancements, CZTS devices remain commercially unavailable 
primarily due to long durations of high temperature treatments (400°C – 550°C) and/or the 
use of toxic solvents for their synthesis. The aim of this work has focused on synthesizing 
CZTS light absorbing layers via a solvothermal, one-pot method without the use of toxic 
solvents and at atmospheric pressure. The goal is to maintain a low fabrication cost in which 
is non-energy intensive to make it an attractive option for mass production. Ultimately, the 
successful development of a working device would not only be a cheap and viable 
breakthrough for second generation solar cells but also the third generation, as it could be 
used in multi-junction devices. 
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The objectives of this work were to: (1) determine the effects of 
composition/stoichiometry on CZTS crystallinity and overall film quality; (2) Use 
electrochemical measurements to characterize compositional differences and further provide 
kinetic information based on variations; (3) Investigate non-vacuum based techniques to 
produce a film of uniform composition while maintaining a cost effective procedure; (4) 
Fabricate a device using the most ideal deposition method and determine its optoelectronic 
properties. 
 Techniques for CZTS Characterization 1.6.
1.6.1. Photoelectrochemical Measurements 
Electrochemical measurements are frequently used for the study of chemical systems. 
These systems involve the transfer of charge across the interface of an ionic conductor and an 
electrical conductor.52 Ionic conductors involve solutions containing electrolytes and 
materials typically used as electrical conductors include metals and semiconductors. 
Generally in an electrochemical cell, two electrodes are immersed in solution and then 
connected to an external circuit. When sufficient potential is applied, electrons flow at the 
solid/solution interface, creating a current. In photoelectrochemical (PEC) experiments, the 
current produced is referred to as ‘photocurrent’ due to the fact that light is used to irradiate 
the electronic conductor. Essentially, the light is converted to electrical and chemical energy.  
A typical three-electrode PEC set-up includes a working, counter and reference 
electrode. The working electrode is the reaction site; in our case it would refer to the CZTS 
thin film. The reference electrode contains a known potential; therefore the potential of the 
working electrode is defined with respect to the reference. The reference electrode used in 
our PEC studies was the saturated calomel electrode (SCE), due the fact that it is not 
photoactive. The counter (or auxiliary) electrode is the site in which the electrons transfer to, 
from the working electrode. This flow of current completes the cell circuit. The auxiliary 
electrode predominantly used is pt. This was also used in our measurements because of its 
stability in the electrolyte solution and more importantly its large surface area, permitting it 
to support the current produced.  
1.6.2. Intensity Modulated Photocurrent Spectroscopy  
Intensity modulated photocurrent spectroscopy (IMPS) is a complementary technique 
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to PEC measurements as it provides information on the kinetics of the charge transfer taking 
place at the semiconductor/solution interface. The effect of electron-hole recombination can 
also be quantitatively determined via IMPS. This technique involves the AC modulation of 
the incident light at a constant potential. The periodic changes of the photocurrent response 
are then measured with respect to a wide range of frequencies.  
1.6.3. Current-Voltage Measurements 
The efficiency of a PV device is determined using current-voltage (IV) 
measurements. Upon connection of the electrodes to the top and bottom contacts, the voltage 
is varied while the output current is measured. The power conversion efficiency (abbreviated 
as η) of a solar cell is defined as the ratio of the output power (Pout) also known as the 
maximum power output (Pmax), to the input power (Pin)53,  𝜂 = 𝑃!"#𝑃!"  
Pin is the incident light intensity, under standard test conditions this is measured as 100 
mW/cm2 (1 sun, AM1.5G). The quality of the device can also be determined using what is 
known as Fill Factor (FF)54,  𝐹𝐹 = 𝐼!"x  𝑉!"𝐼!"x  𝑉!"  
The current and voltage at Pmax are denoted as Imp and Vmp, respectively. Isc is the short-
circuit current (current when voltage=0) and Voc corresponds to the open-circuit voltage 
(voltage when current=0). As will be discussed in Chapter 4, these parameters among others 
influence the overall conversion efficiency of a PV device. 
1.6.4. Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) is a technique whereby samples are magnified 
and visualized in situ. The way it works is via the use of electrons. An incident beam of 
electrons hits the sample of interest and generates a signal, produced by secondary electrons, 
backscattered electrons or X-rays. Secondary electrons are formed when electrons from the 
beam collide with an atoms valence electrons, causing them to be ejected and consequently 
detected. The information is used to form an image of the surface features and morphology. 
Backscattering occurs when the initial electrons from the incident beam are reflected off 
from deeper within and the surface of the sample. These provide the topographical contrast 
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of an image.  
1.6.5. Energy-Dispersive X-ray Spectroscopy and X-ray Fluorescence 
Energy-dispersive X-ray spectroscopy (EDX) is typically integrated into SEM. X-
rays are produced when the incident beam strikes an inner electron of an atom and creates a 
vacancy. This creates instability within the atom and as a result an electron from an outer 
shell falls to a lower energy level, filling the vacancy. The energy transition from the outer to 
the inner shell is characteristic of a certain element. The difference between the two binding 
energies is given off as an X-ray, which is then detected. X-ray Fluorescence (XRF) works in 
a similar manner, the only difference being that an X-ray beam is used instead of an electron 
beam. Both of these techniques provide quantitative elemental analysis. 
1.6.6. X-ray Diffraction  
X-Ray Diffraction (XRD) can be used to characterize crystalline materials. It is 
mathematically expressed using Bragg’s law: 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃 
In principle X-rays of a known wavelength (λ) are incident on the sample of interest. X-rays 
at an angle (θ) are reflected from the crystal planes of a sample. The sum of the angle of 
diffraction and the angle of the incidence is 2θ, as the angles are equal. The planes in the 
atomic lattice are separated by a distance (d), which reflects the angles at which the X-rays 
are diffracted. The constructive wave interference of the reflected waves produces the 
diffraction results, which provide information on the crystal structures within a sample. 
1.6.7. Selected Area Electron Diffraction 
Selected Area Electron Diffraction (SAED) utilizes a transmission electron 
microscope (TEM) to obtain information from a single crystal in a sample. TEM is a 
technique whereby scattered electrons produced, after transmission through the sample, lead 
to the production of an image. In SAED, the diffraction pattern from a single crystal within 
the sample is detected.  
1.6.8. Raman Spectroscopy 
Raman Spectroscopy is based on inelastic scattering. When monochromatic radiation 
interacts with a sample, it causes vibrational motions within the molecule. These vibrations, 
which are characteristic of the chemical structures within a sample, are then detected. A 
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spectrum of the scattering intensity with respect to the wavelength of the scattered photons is 
then reported.  
 Structure of This Thesis 1.7.
The research presented in this dissertation is divided into three chapters. Each chapter 
will begin with a brief introduction discussing relevant theory, followed by an experimental 
section, in reference to the studies. The results of the research will then be presented along 
with conclusions drawn from the findings. Chapter 2 concerns with the use of X-ray 
Fluorescence for compositional analysis, alongside X-ray Absorption, to probe variations of 
an atoms physical/chemical state based on stoichiometry differences. Chapter 3 will include a 
close analysis comparing the electrochemical differences and overall crystallinity of two 
samples with varying compositions. Chapter 4 will demonstrate three specific deposition 
techniques and show the preliminary results of a full device. Final conclusions and 
recommendations for future studies will be presented in Chapter 5.  
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Chapter 2. Compositional Analysis Using X-Ray 
Fluorescence and X-ray Absorption Spectroscopy	  
 
One of the most important techniques for characterization of thin film solar cells is via the 
use of X-ray Fluorescence (XRF). Section 2.1 will discuss the theory behind XRF and its 
importance for compositional analysis. It will also examine the principles and properties of 
synchrotron radiation for X-ray Absorption Spectroscopy studies. Section 2.2 will include the 
experimental procedures used for the related research in this chapter. Section 2.3 involves the 
XRF calibration procedures examined and the final compositional data for the samples of 
interest. This section will also include the corresponding results obtained for the varying 
Cu2ZnSnS4 (CZTS) nanocrystals (NCs) using X-ray Absorption Spectroscopy. 
2.1. CZTS composition 
The photoresponse of CZTS NCs has been found to depend on the compositional 
ratio of the elements of the preferred crystal structure. The Cu content in CZTS samples is 
primarily important because a series of secondary phases and defects can result from excess 
Cu contents. For example the dominant CuZn antisite (acceptor defect) has the lowest energy 
of formation and samples with Cu-rich contents are more likely to yield this kind of defect.1 
Furthermore, ternary phases such as Cu-Sn-S (i.e Cu2SnS3) are responsible for the low open-
circuit voltage (VOC) seen in Cu-rich devices.2 In turn, the Cu content can vastly affect the 
electronic properties of this p-type semiconductor. XRF and XAFS were techniques used to 
determine the final compositions of samples with varying Cu-concentrations and their 
structural properties, respectively.   
2.2. General Theory Behind the Production of X-rays 
2.1.1. Background: X-ray Absorption and Fluorescence 
In 1985, Wilhelm Conrad Röntgen became the first person to systematically study 
electromagnetic radiation in a wavelength range now commonly known as X-rays.3 Two of 
the common ways in which X-rays can be produced are via Bremsstrahlung radiation and 
synchrotron radiation. The former occurs when energetic electrons are decelerated upon 
contact with a metal target in X-ray tubes. The latter can precede when electrons are 
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accelerated in circular orbits. Synchrotrons generate beams of X-rays that are higher in 
brightness and polarization than ones produced from conventional X-ray tubes. This is 
because they allow the spatial resolution to be reduced down to the micrometer level.4 Third 
generation synchrotrons contain an insertion device (wigglers or undulators) that accelerate 
charged particles and give rise to a much higher X-ray intensity than ones seen from 
conventional X-ray systems. As a result, this technique has been extensively used for X-ray 
Absorption Spectroscopy (XAS) measurements.5  
Experimentally, data is obtained for a given element when the energy of the incoming 
X-ray is larger than the binding energy of the electron in the core level of the atom. This 
causes the ejection of the electron from its quantum level. The probability of absorption is 
defined using the Beer-Lambert law:6 
I = I0e-µt 
where I is the intensity of the transmitted X-ray, I0 is the incident beam intensity, the 
absorption is expressed as ‘µ’, which is known as the absorption coefficient (cm-1) and t is 
the thickness of the sample (cm). The energy of the X-ray will determine how strongly it will 
be absorbed; thereby affecting the value of the absorption coefficient. Generally, a common 
feature in experimental measurements involves a decrease in µ with an increase in energy. 
The details pertaining to an X-ray absorption spectra are defined under X-ray absorption fine 
structure (XAFS).  
2.1.2. X-ray Absorption Fine Structure 
XAFS is commonly used as an element-specific method to probe the physical and 
chemical states of atoms. When the X-ray photon energy corresponds to the binding energy 
of the core electron on the K or L shell, a sharp increase in the absorption coefficient is 
observed.5 As shown in Figure 2.1, this is defined as the absorption edge. The variation in the 
binding energies and absorption edges of every element provides specific characterization at 
an atomic level. The region referred to as X-ray absorption near-edge structure (XANES) in 
Figure 2.1, includes the pre-edge and ~ 50 eV above the absorption edge region.5 The peaks 
in XANES are influenced by the oxidation state and coordination geometry (e.g., tetrahedral, 
octahedral coordination) of the absorbing atom.  
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Figure 2.1. A typical X-ray Absorption Schematic shown using Cu. The inset pertains to 
the cause of the oscillations in the EXAFS region. 
  	  
If the absorbing atom is not isolated, a wave behavior is seen following the XANES 
region. This is known as the extended X-ray absorption fine structure (EXAFS) region and is 
described in the inset seen in Figure 2.1. The initial absorption causes the ejection of an 
electron, known as the photoelectron. The outgoing wave of the photoelectron becomes 
backscattered by surrounding atoms and gives rise to an incoming wave. The interference of 
these waves results in sinusoidal modulations indicated in the absorption rate. The difference 
in frequency of the wave signal relates to the inter-atomic distance between the absorbing 
atom and the neighboring atom.6 The amplitude of the modulation corresponds to the 
bonding and the types of atoms surrounding the absorption atom; in turn, EXAFS 
information cannot be extracted if a free atom is used, as no surrounding atoms are present. 
The EXAFS region can be interpreted in accordance with the following equation:7 
 
𝜒 𝑘 = 𝑁!𝑓! 𝑘 𝑒!!!!!!!𝑘𝑅!!! sin[2𝑘𝑅! + 𝛿! (𝑘)] 
where χ is the expression used to describe EXAFS, j is the number of shells of all of the 
atoms, N is the number of neighboring atoms, R is the distance between neighboring atoms, 
σ2 is the Debye-Waller factor (disorder in the neighbor distance due to thermal effects), f(k) is 
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the backscattering amplitude and δ(k) is the phase-shift of the central atom. Once the f(k) and 
δ(k) scattering parameters are determined, the R, σ2 and N can be quantified. Using the 
intensity of the scattering and oscillations EXAFS provides information on the neighboring 
atoms.  
2.1.3. X-ray Fluorescence 
Upon the photoelectron ejection that occurs when an X-ray strikes an atom, a core-
hole is left behind. This creates instability within the atom and as a result, an electron from 
an outer shell falls to a lower energy level to fill that vacancy.8 Figure 2.2 displays the 
different electron transitions (inset) and their corresponding peaks. The most frequent 
electron transitions occur from the L-shell to the K-shell (K∝). This transition can be seen in 
the inset of Figure 2.2. This transfer leads to the most intense peak seen in an XRF spectrum 
(Figure 2.2). The next commonly classified transition occurs from the M-shell to the K-shell 
(K𝛽). Lastly, electrons can also move down to the L-shell from either the M-shell (L∝) or the 
N-shell (L𝛽).8 
	  
Figure 2.2. Energy dispersive XRF spectrum of Sn, including all transitions. The 
characteristic x-ray lines (K, L, M, N) and specific energy transitions in an atom are 
displayed in the inset. 	  
The energy transition from the outer to the inner shell is characteristic of a certain 
element. The difference between the two binding energies is given off as an X-ray, which is 
then detected. This process is known as X-ray Fluorescence. The instrument collects the 
emitted X-rays that are characteristic of the elements in the sample and produces a spectrum 
(intensity vs. photon energy). The X-ray intensity is dependent on the concentration of the 
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element; the higher the concentration, the higher the count number. This technique is 
commonly used as a non-destructive method to determine the elemental 
composition/concentration of various samples, in either powder, solid or liquid form.1 
2.3. Experimental 
2.2.1. Chemicals 
Copper (II) acetylacetonate (≥99.99%), zinc (II) acetylacetonate hydrate, gallium (III) 
nitrate hydrate (99.9%) and thiourea (≥99.0%) were purchased from Sigma-Aldrich. Tin (II) 
chloride (99%), benzyl alcohol (99+%) and 2-mercapto-5-n-propylpyrimdine (MPP) were the 
products of Alfa Aesar. All products were of analytical grade and used without further 
purification. Water was obtained from a Millipore Milli-Q system (resistivity of 18.3 M Ω 
cm).  
2.2.2. Preparation of the CZTS Nanocrystals 
CZTS NCs were synthesized using a one-pot solvothermal method. The precursor 
mixture was prepared by the addition of 3mL of benzyl alcohol to the metal salts. The 
mixture was then heated in a silicon oil bath (usable range from -40°C to + 200°C, Alfa 
Aesar) at 160 °C for 2 min, to dissolve the salts. Thiourea (dissolved at 0.2 M in benzyl 
alcohol) was then added, followed by addition of the capping ligand, MPP. The mixture was 
then heated at 180 °C for 10 min, then left to cool until room temperature. The CZTS 
nanoparticles were then centrifuged at 12.0 x 103 times gravity.  The supernatant was 
decanted and the NCs were washed using acetone twice. The nanoparticles were then 
dispersed in acetone via sonication for 10 min. The mixture was centrifuged again and the 
resulting precipitates were left to air dry.  
2.2.3. Characterization 
Composition analysis was carried out using XRF (Horiba XGT-5000) at an operating 
voltage of 50 kV. For XRF measurements, the NCs were digested in 10 mL of concentrated 
HNO3 (about 15.6 M) and the solutions were placed in XRF sample cups (Delta Scientific) 
and covered using a Mylar film (Delta Scientific). A standard solution containing 1000 
µg/mL Cu, Zn, Sn and S (MES-062014-UWO1, Delta Scientific) was used for XRF 
calibration. 
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The K-edge EXAFS measurements were completed at the PNC/XSD 20-BM 
beamline of the Advanced Photon Source (APS) at Argonne National Laboratory (Illinois, 
USA). This instrument contained a 13-element Canberra detector (Intel 120 CPS) and a Si(1 
1 1) monochromator. The NCs were placed on Kapton tape with a thickness of about 1-2 
absorption lengths. The samples were then placed at 45° while the fluorescence detector was 
placed at 90°, with respect to the incident photons. In order to prevent detector saturation, the 
count rate of the detector was kept below 50,000. Reference foils (50 µm, EXAFS Materials 
Inc.) were used for energy calibration. The reference foils were placed downstream of the 
samples and measured in transmission mode.  
  
Note: These measurements were carried out by Matthew J. Turnbull.  
 
For the data analysis Athena software was first used to plot the spectra. The pre-edge and 
post-edge backgrounds were subtracted and the absorptions were normalized to the incident 
intensity for all of the spectra. The normalized spectra were then converted to k-space. Using 
a k2 weighting and a k-range of 2.5 to 10 Å−1, fourier transform was performed to obtain the 
R-space spectra. 
2.4. Results and Discussion 
2.3.1. XRF Calibration 
XRF calibration involved the use of a commercial reference that contained known 
concentrations of the elements of interest. This was done to ensure the reported compositions 
were representative of the specific CZTS samples. All XRF measurements were performed 
on a conventional Energy Dispersive XRF (ED-XRF) instrument.  
Prior to the aforementioned calibration procedure, two other methods were assessed. 
The first involved the use of prepared calibration samples in solution form and the second 
included the use of an internal standard prior to sample drying. Figure 2.3 shows the first set 
of calibration standards that were prepared and measured in solution form.  
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Figure 2.3. Calibration plots for Cu, Zn, Sn and S. 
 
The concentrations for Sn and S ranged from 1.5-9.0 mol L-1.  The range for Cu and 
Zn was lower, as it was from 0.4-2.3 mol L-1. A set of 6 standards were prepared for each 
element and each data point was measured a minimum of 4 times. As shown in Figure 2.3, 
the intensity of the elements were linearly proportional to their concentrations. Despite the 
high correlation of the metals, when determining the composition of the synthesized CZTS 
samples, the final compositions were not reflective of their respective intensities. This is 
because the intensity responses were well below the linear range of the calibration graphs. 
For the second calibration method these concentrations were drastically reduced. 
The second calibration procedure, involved the use of dried samples and the addition 
of Gallium as an internal standard. As shown in Figure 2.4 the calibration curve is a plot of 
the intensity ratio of the element over the intensity of the internal standard vs. the mass of the 
desired element over the mass of the internal standard. The measurements indicate high 
correlation as R2>0.99. It is important for the sample of interest to maintain the same 
physical and chemical properties as the standards; in turn, the CZTS NCs were digested in 
nitric acid, dropcast and left to dry. The line was extrapolated to 0 in order to determine the 
concentration of the unknown CZTS samples (not shown). Again, the final composition of 
the ratios was not reflective of their respective intensities (see Appendix). One of the main 
	  	  
24	  
reasons for this discrepancy is due to the fact that the solidified films were not completely 
homogeneous. Deviations were also noted when different regions on the same sample were 
measured. This suggests that the non-uniformity in the thickness and morphology of the films 
could be the reason for the variations.  
 
	  
Figure 2.4. Calibration graphs plotted using Gallium as an internal standard for Cu, 
Zn, Sn and S.  
The final calibration procedure involved the use of samples in solution. This was 
done to eliminate the deviation in results caused by heterogeneity. A multi-element reference 
standard containing known concentrations of Cu, Zn, Sn and S was purchased from Delta 
Scientific. Upon measuring the standard, the composition of five CZTS samples was 
determined using their respective intensities. It is important to note that once the CZTS NCs 
were digested in concentrated HNO3 an apparent gas was observed. Cu, Sn and Zn metals are 
oxidized in the presence of concentrated nitric acid; this reaction produces nitrogen dioxide 
gas.9-10 Thiourea and MPP are both incompatible with strong oxidizing agents; their reaction 
causes the formation of sulfur dioxide and other gases.11-12 The result of this caused lower 
sulfur contents to be detected, than what is represented in the sample. To circumvent 
inaccuracy and reduce error, additional standards were prepared containing thiourea and 
MPP; both of which are used in the CZTS synthesis. The differences in results were then 
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compared and discrepancies between the compounds and the reference standard were then 
accounted for.  
Upon calibration, the compositions of five samples were quantified. The results are 
summarized in Table 2.1. The stoichiometry of CZTS was changed, via an increase in the 
initial Cu content, from samples 1 to 5, respectively. This variation resulted in a final Cu/Zn 
stoichiometric ratio of 1.7, 1.9, 2.0, 2.2 and 2.4 for CZTS NCs 1 to 5, respectively.  
 
Table 2.1. Starting and final compositions of CZTS NCs with increasing Cu-content. 
The final ratios were determined using XRF. 
CZTS Starting ratio 
Cu:Zn:Sn:S 
 Final ratio 𝑪𝒖(𝒁𝒏 + 𝑺𝒏) 𝒁𝒏𝑺𝒏 
1 0.82:1.42:1.00:3.79  Cu1.7±0.1Zn1.0±0.1Sn1.0±0.1S4.9±0.5 0.85 1.00 
2 0.90:1.42:1.00:3.79  Cu1.9±0.1Zn1.0±0.1Sn1.1±0.1S4.7±0.3 0.90 0.91 
3 0.96:1.42:1.00:3.79  Cu2.0±0.1Zn1.0±0.1Sn1.1±0.1S4.5±0.7 0.95 0.91 
4 1.03:1.42:1.00:3.79  Cu2.2±0.1Zn1.0±0.1Sn1.1±0.1S4.3±0.4 1.04 0.91 
5 1.11:1.42:1.00:3.79  Cu2.4±0.2Zn1.0±0.1Sn1.0±0.1S4.8±0.7 1.20 1.00 
 
The Zn, Sn and S ratios remained relatively consistent in all samples, as equal 
quantities of these elements were used in the synthesis. The measured Cu/Zn+Sn and Zn/Sn 
compositional ratios were between 0.85-1.2 and 0.9-1.0, respectively. A ratio of 1, for both, 
would represent a stoichiometric sample. In the data shown, sample 3 would be considered 
stoichiometric and 4 would be considered near stoichiometric, as the minimal deviation is 
within the error of margin. NCs 1 and 2 would be considered Cu-poor, as the Cu/Zn ratio 
falls below 2 and the Cu/Zn value of 2.4 for CZTS 5, suggests a Cu-rich composition.  
The variation in the Cu precursor, ultimately affected the final Cu composition in the 
samples. Stoichiometry plays an important role in the quality of a CZTS thin film; in turn 
differences in compositions need to be accurately detected. As indicated, this can only 
achieved once the instrument is calibrated correctly.  
2.3.2. X-ray Absorption Spectroscopy: XANES 
The XANES region provides information about the electronic structure and geometry 
of the target element. Changes in the XANES region can provide information on deviations 
that exist within the local structure of a specific atom. Figure 2.5 displays the XANES of Cu, 
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Zn and Sn.  
These spectra display a sharp rise in the absorption edge, which is due to the 1s!4p 
dipole transition.13 Following the edge is the post-edge region, consisting of broader features 
originating from transitions of 1s electrons to unbound molecular orbitals. At the Cu K-edge, 
the intense peak is seen at ~8979 eV (Figure 2.5 (a)), for all of the corresponding samples. 
The spectra appear similar with overlapping features, suggesting that the Cu environments 
are unaffected by the compositional changes. 
Small variations appear in the Zn XANES (Figure 2.5 (b)). The position of the K-
edge absorption energy is seen at ~ 9659 eV for Zn. Slight differences are noted in the 
amplitude of the initial peak and post-edge features, as they appear higher for CZTS 3 
(Cu2.0Zn1.0Sn1.1S4.5) and 5 (Cu2.4Zn1.0Sn1.0S4.8); however, the number of features are the same 
indicating similar number of scattering pathways as a result of analogous coordination 
numbers. Also, the positions of the features are in parallel, implying similar interatomic 
distances between the absorbing atom and surrounding neighbors. The minor differences in 
amplitudes could be due to the background function as a result of multiple scattering. It 
appears as a smooth curve across the spectrum and this can vary between samples. For 
analysis this is subtracted from the data and normalized, which can cause slight variations 
between spectrums. 
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Figure 2.5. XANES spectra of the K-edge for (a) Cu, (b) Zn and (c) Sn. 	  
Figure 2.5 (c) displays the Sn XANES with a K-edge of 29200 eV. The higher 
absorption edge for Sn vs. Cu and Zn, causes less features and more broadening due to the 
increase in the core-hole lifetime width. In theory an element with a greater atomic number 
will have a shorter lifetime, causing enhanced broadening. Small shifts in the absorption edge 
are noted and more apparent between CZTS 4 and CZTS 2 (~1eV difference). The edge for 
the higher Cu content sample is at a greater energy than the latter. The shifts could also be 
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due to the broadening, as the overall spectral weights appear analogous. A bigger difference 
in amplitude is seen between the samples than previously shown for Zn. This pertains to the 
bond distance between the absorbing atom and the nearest neighbor. According to the 
spectra, the bond distance between Sn-S is shorter for CZTS 1, 3 and 4 vs. CZTS 2 and 5. An 
important feature that is noted is the difference in the shape of the nodes past the absorption 
edge for the Cu rich sample (CZTS 5). This could be due to a change in either the 
arrangement or number of neighboring shells. As these spectra are not well resolved, further 
analysis via EXAFS is required.  
2.3.3. X-ray Absorption Spectroscopy: EXAFS 
In order to extract the EXAFS (χ) data, from the absorption (µ), the energy is 
converted to k-space (wave vector k). χ(k) is then multiplied by kn (n=1,2 or 3) to emphasize 
the oscillations.7 Figure 2.6 shows the k2 weighted χ(k) function of Cu, Zn and Sn.  
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Figure 2.6. The k2 weighted EXAFS data at the K-edge of (a) Cu, (b) Zn and (c) Sn for 
the five CZTS samples. 
 
The sinusoidal function represents the contributions of the coordination shells and the 
frequency is relative to the distance between the absorbing and scattering atoms. Figure 2.7 
displays the crystal structure of CZTS, the nearest neighbor and the third shell for all of the 
metals is S. The second shell surrounding the Cu and Zn environments are Cu, Sn and Zn/Cu 
atoms. For Sn, the second nearest neighbor is Cu and Zn.  
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Figure 2.7. Kesterite structure of Cu2ZnSnS4. 
 
In reference to Cu (Figure 2.6 (a)), the spectra consist of a single sinusoidal wave for 
each sample, which decrease in amplitude with an increase in k. The initial oscillations 
correspond to the nearest neighbor of Cu, which is S. The waves at higher k values relate to 
the second and third neighbors, which is why a decrease in amplitude is seen.  
A somewhat similar trend is seen with Zn (Figure 2.6 (b)). The difference noted here 
is the increase in amplitude for CZTS 3 past 10 Å. This suggests that past the nearest 
neighbor, for this sample, a different second shell is detected, in comparison to the other 
samples. In reference to the theoretical backscattering amplitudes of various elements, the 
scattering amplitude of Sn is higher than Cu and Zn, past 10Å.14 Overall, Sn is a heavier 
element, causing a more profound impact on the oscillation signal, implying that for this 
sample, Sn is the detected second shell neighbor. It is also important to note that a SnZn 
antisite (occupation of Sn on a Zn site) could occur. As shown using XRF, the composition 
of this sample is Cu-stoichiometric, Sn-rich and Zn-poor (Zn/Sn = 0.91), meaning that higher 
concentrations of Sn could have induced this defect. One of the primary reasons Cu-poor, Sn-
poor and Zn-rich compositions are ideally used is to decrease/prevent this kind of 
substitution, among others.15-17 CZTS 1 shows a similar trend but with a lower intensity past 
10 Å. The difference in intensities could be due to different metal-metal interactions. The 
composition of this sample is Cu-poor with stoichiometric levels of Zn and Sn (Zn/Sn=1). It 
is important to note that under these conditions a VCu (vacancy at the Cu position) and/or a 
CuZn (occupation of Cu at the Zn site) antisite could form; however the detection of these 
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defects would be difficult, solely using EXAFS.16, 18-19 As for the Sn spectra (Figure 2.6 (c)), 
a clear overlap in the oscillations is seen for the different samples; however, due to the high 
level of noise, interpretation past 10 Å is difficult.  
To isolate the different shells, Fourier transform from χ(k) into R-space χ(R) was 
completed. Figure 2.8 displays the modulus of the Fourier transform for Cu, Zn and Sn.  
 
	  
Figure 2.8. Phase shift-uncorrected Fourier Transformed EXAFS spectra for (a) Cu, (b) 
Zn and (c) Sn, overlapped (left) to indicate the difference in intensities and separated 
(right) to distinguish the effects of the higher shell neighbors. 	  
The peaks shown represent the uncorrected phase of the radial distribution. When the 
photoelectron wave travels from the absorbing atom to and back from the backscattering 
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atom, several phase shifts occur. This causes phase shifts in R that are an underestimation of 
the true value by 0.2-0.5 Å.20 The nearest neighbor for all of the metals is S, the peak for this 
first coordination shell can be seen at approximately 1.81 Å for Cu (Figure 2.8 (a)) and Zn 
(Figure 2.8 (b)) and at 1.84 Å for Sn (Figure 2.8 (c)). Following this well-defined peak, are 
smaller peaks indicative of higher coordination shells. Theoretically, the first neighbor shell 
for Cu and Zn is seen at ~2.33 Å (Figure 2.8 (a) and (b)) and ~2.41 Å for Sn (Figure 2.8 (c)). 
In accordance with the phase shift, the experimental values fall within the expected radial 
distribution.	  
The difference in intensities in the first shell, with varying Cu contents, can be seen 
for all 3 metals in Figure 2.8 (a). For Cu the height of this peak is highest for the Cu-deficient 
sample and lowest for the near stoichiometric/somewhat Cu-rich sample (CZTS 4). The peak 
for the second shell of the Cu-deficient sample (Cu1.7Zn1.0Sn1.0S4.9) sample is seen at 
approximately 3.34 Å. Theoretically this is seen at 3.839 Å for Cu-Cu/Zn and 3.845 Å for 
Cu-Sn.21 Considering the phase shift this is in alignment with the Cu-Cu/Zn shell distance. 
For the remaining CZTS NCs (CZTS 2- CZTS 5), a double peak is seen at the second shell, 
which is indicative of two scattering pathways at approximately 3.2 Å and 3.5 Å.  
The magnitude of the first neighbor peak corresponds to the long-range order of the 
nanocrystals, indicating higher order for the Cu-deficient sample (Cu1.7Zn1.0Sn1.0S4.9). The 
data suggests that the stoichiometries with lower Cu-contents achieve a more conserved 
crystal structure. Also, the peak intensity corresponds to the coordination number, which can 
be affected by thermal motion (Debye-Waller factor).15 A change in the coordination number 
would result in apparent shifts/intensity differences in the XANES region15, 22, which is not 
visible in Figure 2.5. The Debye-Waller factor corresponds to thermal energy that is 
absorbed by the molecule, triggering a vibrational motion. The greater the vibrations within a 
molecule, the higher the signal distortion and as a result, the lower the peak intensity.23 Thus, 
disorder within a sample, causes an increase in the Debye-Waller factor, which causes a 
decrease in peak intensity.24 As the temperature remained consistent for all samples at around 
300K, the higher peak intensity for the Cu-deficient sample corresponds to better long-range 
order. 
A similar trend is seen for the radial distributions of Sn, as the peak intensities for the 
Cu-poor samples is higher than the Cu-stoichiometric and Cu-rich NCs. Conclusive 
interpretation for the second shell is difficult, as the peaks following the initial are broad with 
	  	  
33	  
little consistency. The high noise level in the k-range and the absence of more detailed 
features in Figure 2.8 (c), could be the cause of this uncertainty. The overall differences past 
the first shell could also suggest some local disorder within the lattice. A different trend is 
seen for the Zn radial distributions as shown in (Figure 2.8 (b)). In this case the peak 
intensity is equally high for both the Cu-deficient sample and somewhat Cu-rich CZTS. The 
differences in intensities seem negligible for Zn, suggesting similar order within the lattice. 
The intensity for the second nearest neighbor is highest for the Cu-deficient and Cu-
stoichiometric sample and lower for the higher Cu NCs. There is also a clear shift in this 
peak for the Cu-rich CZTS, indicative of a shorter radial distance.  
2.5. Conclusions 
XRF has demonstrated to be an important non-destructive technique for quantitative 
analysis. This application is essential for photovoltaic fabrication, as stoichiometry plays a 
crucial role in film quality and ultimately device efficiency. While this method is non-
destructive, it can produce inaccurate and non-reproducible results if not calibrated 
accordingly. Calibration using a reference standard provided the most accurate results.  
Upon calibration, the compositional ratio of the CZTS samples was determined and 
all proceeding measurements were quantified against the standard. The XRF results 
confirmed that the only variation between the samples were the varying Cu-contents, as the 
starting ratios for the other elements remained constant. The results indicated a final Cu/Zn 
stoichiometric ratio of 1.7, 1.9, 2.0, 2.2 and 2.4 for CZTS NCs 1 to 5, respectively. 
Upon determining the concentrations of the elements in each sample, XAFS was used 
to determine variability in the local environment and distribution of the elements with the 
increasing Cu-content. This technique was used as an element-specific method to probe the 
physical and chemical states of Cu, Zn and Sn. The K-edge specified in XANES represented 
the excitation of the 1s electron. The spectra pertaining to the samples for Cu and Zn 
appeared similar with comparable features, suggesting that the environments of these two 
metals were somewhat unaffected by the compositional changes. The minor differences in 
amplitudes seen for the Zn absorption could have been due to the background function as a 
result of multiple scattering. A bigger difference in amplitude was seen for Sn, primarily due 
to the enhanced broadening. An important feature that was noted was the difference in the 
shape of the nodes past the absorption edge for the Cu rich sample. This suggested either a 
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change in the arrangement or number of neighboring shells. The data was analyzed further 
using EXAFS.  
The peaks were represented as the phase-uncorrected radial distribution. Experimental 
phase shifts caused an underestimation of the true bond distance value between 0.2-0.5 Å. 
The most intense peak represented the nearest neighbor for all of the metals (S) which was 
seen at ~1.81 Å for Cu and Zn and at 1.84 Å for Sn. In accordance with the phase shift, the 
experimental values were within the expected radial distribution. The magnitude of the first 
neighbor peak for Cu and Sn, were higher for the Cu-deficient samples vs. the Cu-rich. This 
suggested that the stoichiometries with lower Cu-contents achieved a more conserved crystal 
structure. The differences in intensities were negligible for Zn, indicating similar order within 
the lattice. Overall the data suggested better crystallinity was achieved for the Cu-deficient 
samples; however, the presence/absence of local lattice distortions is difficult to conclude 
without further evidence using simulations. 
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Chapter 3. Effects of Cu on the Photoelectrochemistry of 
CZTS Thin Films	  
 
As the X-ray absorption spectroscopy (XAS) studies in Chapter 2 focused on elemental 
variations with the changing Cu-content, this chapter includes further studies on two of the 
compositions: Cu-poor and Cu-stoichiometric nanocrystals (NCs). A change in the Zn 
content was also made, as it was increased to yield films with a Zn-rich final composition. 
The correlation between composition and structure of the nanocrystals were then 
investigated. Section 3.1 gives relevant background information on the importance of non-
stoichiometric growth conditions for Cu2ZnSnS4 thin films. Section 3.2 presents the 
experimental procedures and techniques. The results and discussion of the experimental data 
using electrochemical methods and characterization techniques are reported in Section 3.3. 
3.1. Introduction 
3.1.1. Crystal Structures of CZTS 
CZTS possesses two main structures: stannite and kesterite.1 The former is in the 
I42m space group, while the latter corresponds to the I4  space group. The difference between 
the two tetragonal structures is attributed to the varying arrangements of Zn2+ and half of the 
Cu+ atoms (Figure 3.1). As shown in Figure 3.1 the CuSn metals alternate at the z=0 and 
z=1/2 planes, while the CuZn atoms alternate at z=1/4 and z=3/4, for the kesterite crystal 
structure. In reference to the stannite phase, ZnSn alternate at z=0 and z=1/2 while only Cu 
exists at the z=1/4 and z=3/4 planes. Both structures contain 4 Cu+, 2 Zn2+, 2 Sn4+ and 8 S2- 
atoms and similarly each S group is bounded to 2 Cu+, 1 Zn2+and 1 Sn4+ atom. Lastly as 
shown in Figure 3.1, Sn resides on the same site in both phases. 
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Figure 3.1. The two crystal structures of CZTS. 	  
The kesterite structure is desirable due to the fact that it is thermodynamically more 
stable, making it an ideal candidate for high performance thin film solar cells.2 Literature has 
suggested that under Cu-poor and Zn-rich conditions the ideal kesterite phase is 
predominantly formed.3 The dominant CuZn antisite, which has the lowest energy of 
formation, is suppressed under these conditions. Furthermore, the formation of VCu and ZnCu 
(Zn at the Cu site) is enhanced.4 The defect complex  [V!"! + Zn!"! ]!  is presumed to enhance 
charge separation, similar to [2V!"! + In!"!!]o in CuInSe2 materials.4-5 The electronic 
passivation of In!"!! by 2V!"!  plays a major role in the high device efficiencies of CuInSe2.6-7 
As a result, these non-equilibrium growth conditions are optimal and beneficial for CZTS 
devices. 
3.1.2. Secondary Phases 
A series of potential secondary phases can form during the CZTS synthesis. These 
can affect the overall properties of the film and subsequently the device performance. Some 
examples of dominant phase impurities include Cu2S, Cu2SnS3 and ZnS. Cu2S and Cu2SnS3 
are conductive secondary phases with small band gaps.8-9 Their formation would be 
detrimental as it could enhance recombination and/or cause frequent shunting within a 
device.8-10 These are expected to form under Cu-rich and Zn-poor stoichiometries.  
The presence of ZnS could contribute to a devices’ low photocurrent due to its large 
band gap (3.5-3.8 eV).11 Primarily, under Cu-poor, Zn-rich compositions this secondary 
phase can form; however, unlike the Cu containing secondary phases, ZnS is not detrimental 
as it does not behave like a recombination center; however it may reduce the photoresponse 
of the film, if located at the surface.10, 12 
	  	  
39	  
Cu and Zn play major roles in the optimal film production of CZTS. Literature has 
shown that the highest efficiency devices for CZTS have been composed of Cu-poor, Zn-rich 
ratios: Cu/(Zn + Sn) ≈ 0.85, Zn/Sn ≈ 1.1-1.3 and Cu/Sn ≈1.8-2.0.13-16 Cu-poor and Zn-rich 
conditions are not only desirable for predominant phase formation but also to prevent the 
formation of detrimental secondary phases.  
3.2. Experimental 
Chemicals as described in Section 2.2.1, with the addition of methyl viologen dichloride 
hydrate (98%) which was purchased from Sigma-Aldrich. Preparation of CZTS NCs were as  
described in Section 2.2.2. The difference being that the starting ratios of copper: zinc: tin: 
sulfur for Cu-stoichiometric and Cu poor were 1.00: 1.49: 1.00: 3.95 and 0.89: 1.47: 1.00: 
3.79 respectively. 
3.2.1. CZTS Thin Films 
FTO glass (Sigma-Adrich, 2 mm thickness, surface resistivity ~ 13 Ω/sq) was used as 
the back contact for the films. They were cleaned via sonication for 10 min in 2% Hellmanex 
(Hellma Analytics) cleaning solution. They were then rinsed (3-4 times) with milli-Q water 
and afterwards sonicated in milli-Q water for 10 min. Thereafter, the glass was rinsed using 
ethanol and sonicated in ethanol for 10 min. Lastly, they were again rinsed with ethanol and 
dried using argon gas. Once the NCs were dry they were dispersed in isopropanol (20 g/L). 
The mixture was then sonicated and deposited onto clean FTO coated glass. Prior to 
dropcast, half of the glass was covered with polyimide tape (Creative Global Services Inc.), 
leaving only an area of 10 mm2 exposed for the CZTS film. 
3.2.2. Characterization 
The quality of the films was assessed using Chronoamperometric-PEC (Chrono-PEC) 
measurements/PEC measurements with an electrochemical analyzer (CHI 832a, CH 
Instruments, Austin, TX). The set-up included a 3-electrode system, with the CZTS on FTO 
as the working, a Pt coil as the counter and a saturated calomel electrode as the reference. 
The electrodes were immersed in 0.05 M MVCl2 and 0.1M KCl. A 150 W Xenon lamp with 
D filter, rendering AM1.5 spectrum (Newport, Irvine, CA) was used as the light source. A 
shutter controller (ThorLabs SC10, Newton, NJ) was used to obtain a 3 s light on/off 
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alternative exposure onto the sample. Linear potential sweep voltammetry was applied 
between 0 and -0.4 V, at a scan rate of 5 mV/s. Chrono-PEC measurements were performed 
using the same instrument and set-up but at a constant potential. iR compensation was 
measured in the dark, at an applied potential of -0.3V vs. SCE, using the same 
instrumentation.  
The IMPS was measured using an Ivium CompactStat (±30mA @ ±7.5V) and 
ModuLight Module (20.0 mW/cm2). White light emitting diodes (wavelength ranging from 
460-660 nm), with a modulation amplitude of 2.4 mW/cm2 and a frequency range of 0.01 Hz 
to 1000 Hz was used. Measurements were carried out at two potentials: -0.2 V and -0.3 V. 
The device efficiency was determined using the same instrument.  
The crystal structure of the NCs was examined using XRD (Inel CPS Powder 
Diffractometer with Symphonix software for the JSPDS database) and Raman spectroscopy 
(AlphaSNOM, Witec, ULM, Germany) with a Nikon 50X objective with numerical aperture 
of 0.75 (WD 0.48) utilizing a 1800 g/cm3 grating and a 532 nm laser operating at 10 mW. 
High-resolution TEM (HRTEM) images and SAED patterns of the samples were obtained 
using a FEI Tecnai G2 F20 microscope. The samples were dispersed in ethyl alcohol and 
sonicated for approximately 6 hours, then dropcasted onto carbon coated copper grids and 
dried under infrared light. The band gaps of the samples were determined using a Varian 
Cary 5000 spectrophotometer. 
Morphology and thickness of the films were obtained using SEM (Hitachi S-4500 field 
emission SEM with a Quartz XOne EDX system). Composition analysis was carried out 
using EDX at an operating voltage of 15 kV and XRF (Section 2.2.3).  
3.3. Results and Discussion 
3.3.1. Compositional Analysis using XRF and EDX 
Table 3.1 displays the quantitative results obtained using XRF and EDX for the final 
composition of both samples. The experiments were repeated three times to acquire more 
accurate results. EDX showed that the Cu-poor and Cu-stoichiometric ratios for Cu: Zn: Sn: 
S were 1.8: 1.2: 1.0: 4.9 and 2.0: 1.2: 1.1: 5.0, respectively. Correspondingly, XRF indicated 
similar results (Cu-poor, 1.8: 1.1: 1.0: 4.8 and Cu stoichiometric, 2.1: 1.2: 1.0: 5.1). The 
results obtained using the two methods indicated high correlation and negligible variation. It 
is important to note that for the XRF measurements, the CZTS NCs were digested in HNO3 
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prior to analysis. XRF was employed to ensure that variation that might exist due to thickness 
and/or surface topography following the EDX area scans did not exceedingly alter the final 
compositions. On the other hand, EDX characterization of the thin films did not require 
treatment, post-dropcast. Overall, these complementary techniques were used to decrease 
compositional error. 
The excess sulfur is due to the presence of the capping ligand, MPP, still bound to the 
NCs. As previous studies have indicated, this organic ligand could facilitate in the electron 
transfer of the material, upon illumination.17-20 As a result, post-processes, such as annealing 
were not performed to eliminate the MPP. 
Table 3.1. EDX and XRF data for Cu-poor and Cu-stoichiometric CZTS NCs. 
	   	  
Cu-­‐poor	     	  Cu-­‐stoichiometric	  	  
	  
EDX	  
	  
 
Cu1.8±0.1Zn1.2±0.1Sn1.0±0.1S4.9±0.5 
 
Cu2.0±0.1Zn1.2±0.1Sn1.1±0.1S5.0±0.2 
	  
XRF	  
 
Cu1.8±0.1Zn1.1±0.1Sn1.0±0.1S4.8±0.4	  
 
Cu2.1±0.1Zn1.2±0.1Sn1.0±0.1S5.1±0.3	  
 
As previously mentioned literature has shown that the highest efficiency devices for 
CZTS have been composed of Cu-poor, Zn-rich ratios: Cu/(Zn + Sn) ≈ 0.85, Zn/Sn ≈ 1.1-1.3 
and Cu/Sn ≈1.8-2.0.13-16 In this work, various starting ratios of Cu/Sn were tested (0.4–2.2), 
until the composition of the final NCs fell close to the range of the aforementioned ratios.   
3.3.2. Electron and X-ray Diffraction 
Figure 3.2 (a) illustrates the XRD results obtained for both Cu-stoichiometric and Cu-
poor samples, which were dropcast onto microscope slides. The standard diffraction peaks 
for kesterite CZTS (JCPDS No. 26-0575), stannite CZTS (JCPDS No. 04-016-8345), and 
possible secondary phases that could form during the synthesis are displayed below the 
experimental spectra.  The XRD 2θ peaks for the Cu-poor sample were at 28.6°, 47.6° and 
56.0° and at 28.5°, 46.9° and 55.4° for the Cu-stiochiometric. These peaks correspond to the 
(112), (220) and (312) planes of kesterite CZTS, respectively. As shown in Figure 3.2 (a), the 
slight downward peak shift corresponding to the (112) plane and dramatic decrease in 
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intensity at the (220) Bragg peak seen for the simulated stannite CZTS structure were not 
observed in the experimental data. While the XRD peaks for the Cu-stoichiometric is broader 
than that of the Cu-poor, the XRD peak pattern for both samples are very similar. Sharper 
and more resolved peaks indicate that the lower Cu content has lead to better crystallinity 
within the film. From the (112) peak, the lattice space was determined to be 0.310 and 0.312 
nm for the Cu-poor and Cu- stoichiometric samples, respectively. The tetragonal unit cell 
parameters, calculated from the (112) and (220) peak positions, found that a=b=5.39 and 5.37 
Å, and c=10.67 and 10.63 Å for the Cu-poor and Cu-stoichiometric NCs, respectively. These 
values are within close proximity of the kesterite margins.12, 21 The size of the NCs calculated 
using the Debye-Scherrer equation22 were 3.35 nm and 2.47 nm for Cu-poor and Cu-
stoichiometric, respectively, indicating that the Cu-deficient films contained larger NCs than 
the Cu-stoichiometric samples.  
 
	   	  
Figure 3.2. (a) The XRD pattern for the Cu-stoichiometric (black) and Cu-poor (red) 
thin films. The JCPDS data for CZTS and the potential secondary phases that can form 
during the synthesis are shown below the spectra. The kesterite and stannite CZTS 
crystal structures are shown in the inset. SAED patterns of Cu-poor (b) and Cu-
stoichiometric (c). HRTEM images of Cu-poor (d) and Cu-stoichiometric (e) samples. 
 
As shown in Figure 3.2 (a), the XRD peaks for secondary phases, such as SnS2 
(JCPDS No. 23-0677)23 and Cu2S (JCPDS No. 26-1116)24 exhibit distinguishable patterns 
from those of CZTS. There are no obvious peaks corresponding to these phases visible in 
	  	  
43	  
both Cu-poor and Cu-stoichiometric CZTS XRD spectra; therefore, within the detection limit 
of XRD we can conclude that these secondary phases are absent from the films. 
The SAED patterns are illustrated in Figure 3.2 (b-c) for Cu-poor and Cu-
stoichiometric CZTS samples, respectively. The rings 1, 2, 3 occurring in the reciprocal 
space correspond to the (112), (220), and (312) planes, respectively. The ring patterns reveal 
the existence of the polycrystalline and NC aggregation nature of the CZTS samples.25-26 
Moreover, Figure 3.2 (d) and (e) show the HRTEM images of the Cu-poor and Cu-
stoichiometric, respectively. The lattice fringes of both crystals are visible, further indicating 
crystallinity. The brightest crystal plane in the SAED rings of CZTS is associated with the 
(112) plane. The measured interplanar spacings was 0.31 nm for both NCs, as shown in the 
HRTEM images (Figure 3.2 (d) and (e)). This is consistent with other literature.27-28 Within 
these measurements a significant difference between the Cu-poor and Cu-stoichiometric 
samples is not seen.   
3.3.3. Raman Spectroscopy 
Figure 3.3 compares the Raman spectra of both samples to confirm the above XRD 
and TEM observations and further examine if the secondary phase ZnS exists within the 
NCs. The characteristic peak for CZTS is known to be at 336-339 cm-1 (A1).26, 29-32 In 
addition, CZTS has a weak mode at approximately 289 cm-1 and shoulder 368-374 cm-1. 29-32 
As shown in Figure 3.3 the A1 mode at 339 cm-1 is visible in both spectrums. This peak is 
well defined for the Cu-poor sample while that for the Cu-stoichiometric is less pronounced. 
There is a hump between 291-305 cm-1 and a shoulder at approximately 371 cm-1. The 
presence of some peak broadening primarily in the Cu-stoichiometric film corresponds to 
some structural disorder within the sample. On the other hand, the XRD peak pattern for ZnS 
overlaps with that of kesterite CZTS (Figure 3.2 (a)), implying that the presence of this 
secondary phase cannot be distinguished via XRD. In contrast, Raman peak at 275 cm-1 and 
352 cm-1 29 are not seen, indicating the absence of ZnS. Other secondary phases in which are 
not visible within the spectrum include Cu2-xS (peaks at 264 cm-1 and 475 cm-1), orto-CTS 
(318 cm-1), cubic-CTS (267 cm-1, 303 cm-1 and 356 cm-1) and hexagonal SnS2 (314 cm-1).29  
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Figure 3.3. Raman spectra of the Cu-poor (red) and Cu-stoichiometric (black) CZTS 
films. 
3.3.4. Surface Morphology 
Figure 3.4 shows typical SEM images of both films. Two different solvents were used to 
dropcast the CZTS NCs: isopropanol (Figure 3.4 (a) and (b)) and acetone (Figure 3.4 (c) and 
(d)). Evidently, the thin films prepared using acetone appeared to have a more rough and 
uneven surface. As a result, isopropanol was the solvent of choice for all experiments.  
Since the same volume (5 µL) of solvent was dropcast each time, the thickness of the 
films was approximately 1 µm. An example of the Cu-poor film is shown in Figure 3.4 (e). 
This is in alignment with the desired CZTS thickness of 1-2µm.33-34  
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Figure 3.4. SEM images of CZTS for Cu-poor (a and c) and Cu-stoichiometric (b and d) 
films. NCs dropcasted using isopropanol (a and b) and acetone (c and d). Typical cross-
section (e) of the deposited CZTS film with a thickness of 1.1 µm. 	  
Figure 3.4 (a) and (c) represent the Cu-poor films whilst Figure 3.4 (b) and (d) are associated 
with the Cu-stoichiometric sample. In comparison, the Cu-poor films for both solvents 
appeared to have a more homogenous, compact and smooth surface, as opposed to the 
stoichiometric. The lower Cu-content resulted in a more condensed film and lead to an 
increase in the size of the NCs (indicated by XRD). This caused a decrease in the surface 
area, which corresponded to a reduction in the number of electron traps and grain boundaries. 
In theory this should influence the efficiency of the semiconductor. 
Small cracks were visible in Figure 3.4 (a). The presence of these cracks are 
predominantly due to the deposition technique, as it resulted in uneven drying of the NCs. 
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Considering that these samples were not pre-treated, dropcasted and dried in open air, the 
length of these cracks were very small (1 µm-2 µm).  
3.3.5. Photoelectrochemical Measurements 
Figure 3.5 demonstrates the photocurrent over a linear potential sweep of the two 
light absorbing films on the FTO glass substrate. High photocurrent response is associated 
with a greater current density difference between the light on and light off responses.  
	  
Figure 3.5. Chopped light PEC measurements for Cu-stoichiometric (black dashed line) 
and Cu-poor (red solid line) thin films, in aqueous 0.05 M MVCl2 and 0.1 M KCl 
electrolyte solution. The linear potential sweep was applied at a scan rate of 5 mV/s with 
a 3 s light on/off exposure period. The inset shows transients at potentials ranging from 
-0.2 V to -0.22 V. These were magnified to show the difference in decay rates between 
the two samples. 
 
Upon illumination (labeled light on in Figure 3.5), two initial processes occurred at 
the CZTS/electrolyte solution interface35: photoexcitation and electron transfer, CZTS   !!   e! +   h! 
CZTS! +MV!! !!"    [CZTS−   MV!]!"# 
Scheme I 
At the pseudo p-n junction, photogenerated electron-hole pairs are produced as a result of 
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photons striking the film (Scheme I). Electrons are then transferred to MV2+, creating an 
electron-hole pair intermediate,  [CZTS-­‐-­‐MV!]!"#. This process gives rise to a sharp increase 
in the photocurrent, which can be expressed as: 
                g! = k!"[CZTS!][MV!!]            (1) 
The flux of minority carriers is defined as g. As shown in eqn (1)36-37 the rate of 
electron transfer (ket) is reflected in the initial rise of current in both films (Figure 3.5). The 
transient current density for the Cu-poor sample is larger and sharper, indicating a higher ket. 
This is expected, as the reduced Cu content would lead to an increase in the overall positive 
charge in CZTS, causing greater electron flow at the semiconductor/solution interface, in the 
space charge region (SCR). The higher Cu content (Cu-stoichiometric film) creates a 
reduction in the number of holes, lowering the ket; therefore, giving rise to a smaller 
transient. Surface defects also play a large role as they can reduce electron flow, creating a 
buildup of trapped holes.38 These are more pronounced for the Cu-stoichiometric film, as 
seen in Figure 3.5, which further explains the lower and less prominent rise in current. 
The electron transfer is followed by two processes,  [CZTS−   MV!]!"# !!"   CZTS+MV!  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	    [CZTS−   MV!]!"# !!"#   CZTS+MV!! 
Scheme II  
Scheme II describes the two competing processes of charge separation (kps) and 
recombination (krec), respectively. If the supplied external potential overcomes the internal 
bias, the electron-hole pair separates at the interface (kps) and produces a current. A reverse 
reaction can occur at the intermediate in which the electron recombines with MV+ (krec), 
forming MV2+. At this point a decay in the photocurrent could be seen,36-37 j!"#$# = g!    1−    !!"#!!"!!!"#   (1− exp − k!" + k!"# t )              (2) 
in which t represents the time between the initial and final decay.  
When the light is turned off, a drop in the current is seen,36-37 
  j!"#$# = −    !!"#!!(!!"!!!"#)   exp − k!" + k!"# t                                  (3) 
This variable is still dependent on g1. In both transients in Figure 3.5, the current does 
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not drop below zero, causing an overshoot, and confirms that the charge separation is still 
dominant in the absence of light. The overshoot effect, corresponding to complete 
recombination and partial recombination can be seen in Figure 3.6 (a) and (c). These 
simulation were created using eqns. (1) - (3).  
 
	  
Figure 3.6. The simulations were calculated from equations 2 and 3 with g1 of 9.3x10-3 A 
cm-2: (a) Complete recombination, krec >> kps (kps=0, krec=10s-1, (b) no recombination, 
krec << kps  (kps=10, krec=0 s-1) and (c) partial recombination, krec = 2.1 s-1 and kps = 7.9 s-1. 	  
When comparing all the transient simulations in Figure 3.6 to that of the PEC 
measurements (Figure 3.5), both films resemble the “partial recombination”, but without the 
negative overshoot. Furthermore, in reference to the transients seen in the inset of Figure 3.5, 
both indicate dominant kps and low krec, as a steep decay in the current is absent; however, the 
duration of the decay time is longer for the Cu-poor film reflecting a lower recombination 
rate than the Cu-stoichiometric. This also indicates that there is negligible metallic surface 
impurities and that the re-oxidation of MV+ to MV2+ does not occur. The simulation in Figure 
3.6 (b) is indicative of no recombination. The plateau at a constant current is not seen in 
either PEC. The above observations can be explained by the diffusion limitations of the 
electrons from the CZTS bulk to the interface and the MV2+ from the solution bulk to the 
interface. The effect of the diffusion was confirmed via PEC measurements conducted using 
various concentrations of MV2+ on our CuInS2 working electrode.39 The photoresponse in 
PEC measurements showed a slow rise when the MV2+ concentration was high, while it 
displayed a decay when the MV2+ concentration was low.39 The diffusion effect can be 
distinguished by IMPS. In addition, when the MV2+ concentration is too high, film 
degradation can occur. 
Overall, the lower Cu-content resulted in an enhancement in the photocurrent of the 
CZTS film. The photoresponse at -0.2V (Figure 3.5) is 53 µA/cm2 for the Cu-poor sample 
and 36 µA/cm2 for the Cu-stoichiometric. As several samples were dropcasted and tested, the 
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general range of the current density for Cu-deficient films was between 45 µA/cm2 – 53 
µA/cm2 and 28 µA/cm2 – 36 µA cm2 for the stoichiometric-Cu samples. As shown via SEM 
images (Figure 3.4), the composition also affects the quality of the film and as indicated in 
Figure 3.5, this further influences the electronic properties of the semiconductor.  
3.3.6. Intensity Modulated Photocurrent Spectroscopy 
The recombination rates were quantified using IMPS. Figure 3.7 (a) displays the 
IMPS measurements of Cu-poor and Cu-stoichiometric thin films at applied potentials of -0.2 
V and -0.3 V.  
 
	   	  
Figure 3.7. IMPS spectra of Cu-poor film and Cu-stoichiometric (a) at applied 
potentials of -0.2 V and -0.3 V with frequency range of 0.01 Hz – 1000 Hz. Three 
complex representations shown below the experimental plots indicating (b) krec >> kps , 
(c) krec ≈ kps and (d) krec << kps . 
 
The IMPS spectra are fitted based on a circuit containing a resistor (R) and capacitor 
(C) in series. The real and imaginary components of the photocurrent response, under 
illumination, are plotted as a function of the angular frequency (ω).  
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The shape of the IMPS plot also provides information associated with the product separation 
and the recombination conditions. The plots are then fitted using,40-41 
                   
!!"#$#!"!! = !!" !!"!!!"# !!!(!"#!"#!!)!"!!!!! [(!!"!!!"#)!!  !!]                         (4) 
                     
!!"#$#!"!! = !  [!!"#!!" !!" !!"!!!"# !!!!"!!!!! [(!!"!!!"#)!!  !!]              (5) 
Given this, krec and kps can be quantitatively determined.  
The three complex representations based on eqns. (4) and (5) are shown below the 
experimental plot.42 A full circle (Figure 3.7 (b)) correlates to krec >> kps, the two-semicircle 
plot, in which one is in the lower quadrant and one in the upper ((Figure 3.7 (c)) is typical for 
a process in which krec ≈ kps and the semi-circle (Figure 3.7 (d)) corresponds to dominant 
charge separation vs. recombination. At low frequencies the apparent competition between 
krec and kps is more pronounced (
!!"!!"!!!"#), while at high frequencies the photocurrent is 
attenuated by the RC time constant.38 In comparison to these representations, both films 
depict dominant charge separation (Table 3.2). As shown in Table 3.2 the krec rate constant 
for the Cu-deficient was 1.1s-1 and 0.89 s-1 at potentials of -0.2 V and -0.3 V, respectively. 
Potentials of 0 V and -0.1 V were disregarded, as the recombination effect is more 
pronounced at lower potentials. The values obtained for the Cu-stoichiometric (at -0.2 V, 1.2 
s-1 and at -0.3 V, 0.55 s-1) were similar to that of Cu-poor; however the kps values confirmed 
that the Cu-stoichiometric sample contained a lower product separation rate than the Cu-
deficient. This corresponds to the PEC transients, during illumination, indicating that the 
sharp rise and longer decay for the Cu-deficient sample corresponded to a higher separation 
rate. It is important to note that the RC attenuation alters the IMPS spectrums, whereas the 
RC is disregarded in the PEC measurements (Figure 3.5 and Figure 3.6). This explains as to 
why the simulation seen in Figure 3.6 (c) does not correspond to those experimentally 
obtained in Figure 3.5. The negative overshoot is not seen in Figure 3.5 and this deviation 
could be associated to the effect of RC and hidden by the diffusion of electrons and MV2+, as 
explained in Section 3.5. 
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Table 3.2. krec and kps values for Cu-poor and Cu-stoichiometric samples, obtained via 
IMPS at  -0.2V and -0.3V. 
 Potential (V) kps (s-1) krec (s-1) 
Cu-poor 
-0.200 7.8 ± (0.1) 1.1 ± (0.8) 
-0.300 5.4 ± (0.9) 0.89 ± (0.1) 
Cu-stoichiometric 
-0.200 2.3 ± (0.2) 1.2  ± (0.4) 
-0.300 0.99 ± (0.3) 0.55 ± (0.1) 
 
3.3.7. Chrono-Photoelectrochemical Measurements 
Figure 3.8 depicts the photocurrent vs. time of both samples. Each scan was carried 
out for 800 seconds (Figure S1, Appendix) and further zoomed-in between 490 s-610 s 
(Figure 3.8). The films were tested at three constant potentials: -0.1 V (Figure 3.8 (a) and 
(b)), -0.2 V (Figure 3.8 (c) and (d)) and -0.3 V (Figure 3.8 (e) and (f)), respectively. The total 
performance of each film was evaluated for 2400 s. As shown in Figure 3.8 the photocurrent 
transients are steady and consistent, without any sign of degradation with time. The 
photoresponse at an applied potential of -0.2 V for the Cu-poor film was 45 µA/cm2 (Figure 
3.8 (c)) and 34 µA/cm2 (Figure 3.8 (d)) for Cu-stoichiometric.  
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Figure 3.8. Amperometric I-t curves for Cu-poor (red) and Cu-stoichiometric (black) at 
applied potentials of -0.1V (a and b), -0.2V (c and d) and -0.3V (e and f) vs. SCE under 
chopped light illumination. 
 
An increase in the dark current is seen for the Cu-stoichiometric film at applied 
potentials of -0.2V (Figure 3.8 (d)) and -0.3V (Figure 3.8 (f)). To further understand this 
effect, the resistance of both films was measured via the iR compensation method in the 
instrument. The capacitance was extracted from the RC constant obtained in IMPS. A 
summary of this data can be seen in Table 3.3. 
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Table 3.3. Resistance, capacitance and the RC constant values for Cu-poor and Cu-
stoichiometric. 
 Series Resistance 
(ohm) 
Capacitance 
(F) 
RC Constant  
(µs) 
Cu-poor 5796 7.1x10
-4 4.1 
Cu-stoichiometric 17792 2.2x10-4 3.9 
 
As the films were consecutively tested, from -0.1 V to -0.3 V, the resistance 
of the stoichiometric-Cu increased, as apparent in Figure 3.8 (d), Figure 3.8 (f), due to the 
unfavorable conditions created for the generation of a SCR.  
The increase in negative potential (from -0.1 V to -0.3 V) draws from the available 
positive charge carriers within the CZTS film. This in turn, reduces electron flux within the 
solution at the interface, resulting in a weaker SCR and an increase in the resistance. The 
higher resistance is only slightly seen for the Cu-poor film and only starting at -0.3 V (Figure 
3.8 (e)). One of the reasons for this could be because the more positively charged film is able 
to accept additional electrons from the circuit, due to the lower resistance and the higher 
capacitance. The increase in capacitance of the Cu-deficient film coheres to a decrease in 
bulk resistance at the SCR. As previously mentioned, the same volume of solution was 
dropcasted each time; however, the lower Cu content may have induced greater charge 
transfer by creating a more electron deficient film.  
A notable feature that is exhibited in Figure 3.8 /Figure S1 (Appendix) is the stability 
and resistance of both films against photocorrosion. Corrosion of the films would have 
caused a significant decrease, followed by the disappearance of the photocurrent. This further 
confirms the high quality of the CZTS NCs.   
3.3.8. Band Gap Evaluation 
In order to determine the optical properties of the two samples, absorbance 
measurements were taken via use of UV-vis spectroscopy. Figure 3.9 illustrates high 
absorption over the experimental wavelength range (Figure 3.9 (a)) and the direct energy 
band gap (Figure 3.9 (b)) for crystals of both compositions. The band gap for each 
composition falls within the expected range for CZTS NCs, indicating the suitability of both 
compositions for absorber layer usage in solar cell device fabrication.30, 43-44 The minor 
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reduction in the band gap as a result of increasing Cu content is within expected error 
margins, thus showing no significant trends between absorption and Cu content. 
 
	  
Figure 3.9. UV-vis spectra indicating (a) absorption as a function of wavelength and (b) 
band gap using Tauc plots for the Cu-stoichiometric (black) and Cu-poor (red) thin 
films. 
3.4. Conclusions 
Compositional determination via EDX and XRF confirmed the fabrication of films 
with different Cu contents. Film qualities were tested using multiple solvents for both 
compositions.  Regardless of solvent choice, films comprised of Cu-poor CZTS showed 
tighter packing with less defects compared to those of stoichiometric-Cu. The decrease in 
cracking on film defects suggested that the lower Cu-content led to improved uniformity 
within crystals. In terms of crystal phase, this suggests a more uniform phase crystal is 
present in the Cu-poor films. This was confirmed through the use of XRD and Raman via 
evaluation of the peak intensities and positions. The absence of detrimental secondary phases 
was further confirmed with Raman spectroscopy. 
The Cu-poor film exhibited increased photoconversion and lower resistance over the 
Cu-stoichiometric sample. The PEC transients indicated that the photoinduced charge 
separation is dominant over charge recombination in both cases; however, the decay time 
variation points to a slight increase in charge recombination in the stoichiometric case. The 
improved product separation in Cu-poor films previously noted in the PEC measurements 
was verified through the use of IMPS.  The product separation rate (kps) was quantified using 
IMPS, which showed that the Cu-deficient NC film was more than 3 times that of the Cu-
stoichiometric, at both applied potentials of -0.2 V and -0.3 V. Furthermore, iR compensation 
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measurements indicated that the resistance of the Cu-stoichiometric film was higher than the 
Cu-poor, this was also observed in the shift in the dark current via Chrono-PEC 
measurements.  
The reduced defects and improved crystallinity appear to be the reason for the 
improvements noted through PEC and IMPS measurements.  This supports the idea that 
stoichiometry plays a crucial role in not only the physical properties of a CZTS thin film, but 
also its electronic and interfacial properties.   	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Chapter 4. Thin Film Deposition and Device Fabrication	  	  
Upon optimization of the CZTS recipe, the Cu-poor composition was further analyzed. 
Considering that dropcast followed by air-drying lead to the presence of cracks, different 
deposition techniques were investigated. Section 4.1 gives relevant background information 
on different deposition techniques, in accordance with the ones investigated in this chapter. 
The necessary layers required for full device fabrication are also described in this section. 
Section 4.2 and 4.3 include the experimental techniques and a joule heating simulation, 
respectively. The experimental data presented in Section 4.4 is structured in two parts: the 
first presents the information involving the three deposition methods used, while the second 
includes the preliminary results of a full device. 
4.1. Background  
4.1.1. Deposition Techniques for CZTS Absorbing Layers 
Coating methods can influence a solar cells opto-electronic properties, as different 
fabrication conditions impact a films morphology and structure.1-3 An ideal deposition 
process would be one that is simple with high reproducibility and of low cost. Majority of 
CZTS thin film fabrication processes include two-stages. The first includes preparation and 
deposition and the second, annealing in a S or Se atmosphere.4-5 The highest efficiency CZTS 
devices have involved these two processes.6-9  
Deposition methods can be broadly subdivided into two categories: physical and 
chemical.10 Physical methods generally refer to vapor depositions in a vacuum environment, 
such as sputtering or co-evaporation.11 Chemical techniques involve gas phase or solution-
based depositions.12 The CZTS fabrication techniques investigated were dip-coating, joule 
heating and spin-coating; all of which fall under the chemical liquid deposition (CLD) 
processes. 
The dip-coating method, also known as vertical deposition, involves the immersion of 
a substrate into the coating solution followed by a gradual withdrawal. A desired thickness 
can be achieved via multiple dipping cycles and control over the dipping time, with reference 
to the solvent used. For CZTS thin films this technique has been successfully applied for 
	  	  
61	  
preparing precursor films or depositing CZTS during the phase-growth synthesis.13-14 
Joule heating involves the passage of a current through a material, with an associated 
resistance, to generate heat. It simply converts electrical energy into thermal energy. A recent 
study used this technique to assist in the deposition of CuInGaSe2 thin films.15 Joule heating 
was applied to heat the Mo-coated substrate during the pulsed electron deposition (PED) of 
the NCs. Rampino et al. showed a significant improvement in film quality and overall grain 
size of the samples deposited with assistance using this technique vs. films without. In 
reference to this work, deposition was done in a similar manner with the difference being that 
dropcast was used to deposit the NCs as oppose to PED. The idea being that the consistent 
temperature throughout the film would induce a more homogeneous evaporation of the 
solvent. 
Deposition using the spin-coating method consists of the initial placement of a 
substrate on a chuck, which is held down via the use of a vacuum. A drop of the sample is 
then deposited onto the substrate while it is spinning at the desired speed. The centripetal 
force allows the sample to spread over the back contact and can cause some solvents to 
simultaneously evaporate. Similar to dip-coating, this process is repeated until the desired 
thickness is reached. Currently, the highest efficiency CZTS device has been fabricated using 
this technique.8 As discussed in the Introduction Todorov et al. used a hydrazine pure-
solution to spin-coat the NCs and further annealed the films. They managed to achieve an 
energy conversion efficiency of 12.6%, which holds the world record for CZTS devices. 
Overall, spin-coating continues to be a popular deposition technique for CZTS thin films, due 
to its low cost and uniform output.8-9, 16-19  
4.1.2. Device Architecture of a CZTS Device 
The second layer predominantly used for CZTS device fabrications is CdS (Figure 
4.1); however, as previously indicated prior to the deposition of CdS the CZT precursor 
metals or CZTS thin films are nearly always annealed in the presence of sulfur/selenium. 
This is done in an inert atmosphere to prevent oxidation. This step has been shown to 
improve CZTS crystallinity as it induces grain growth and overall film quality.20-21 This 
enhancement in grain size can lead to an increase in the final device efficiency. 
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  Figure 4.1. Layers of a CZTS solar cell device. 
 
CdS is an n-type buffer layer with a band gap of 2.42 eV.22 The wide band gap allows 
for easy light transmission to the CZTS layer without causing substantial absorption loss.23 It 
is frequently used in thin film solar cells due to its high photoconductivity, low resistivity, 
stability and high electron affinity.22, 24 This layer is commonly deposited using chemical 
bath deposition (CBD), as it is an inexpensive technique and does not damage the CZTS 
layer.23-24 The n-type coating will form a continuous film on top of the p-type semiconductor, 
blocking any of the exposed back contact. This will minimize charge recombination because 
the charge carriers would need to travel a shorter distance, resulting in an overall 
enhancement in the photoresponse. It also creates a pathway for electrons in the preferred 
direction and creates a built-in p-n junction. Overall it serves to protect the CZTS thin film 
during the deposition of the final n-type semiconductor. 
 The layer following CdS is an n-type window layer (Figure 4.1). The most commonly 
used is a ZnO bilayer comprising of intrinsic ZnO (i:ZnO) and aluminum-doped ZnO (AZO). 
ZnO contains a wide band gap of 3.4 eV, which lies in the near-UV spectral range.25 The 
i:ZnO layer is deposited on top of the CdS buffer and serves to cover pinholes which reduces 
the potential for shunting effects.26 The AZO functions as the front contact due to its high 
transparency (transmittance > 85%) and low electrical resistivity (1.9x10-4 Ω cm).27 These 
layers are commonly deposited via sputtering; however, atomic layer deposition (ALD) is a 
growing alternative method.28-30 ALD is a chemical vapor deposition technique in which 
produces highly conformal coatings on an atomic scale. It involves alternate exposure of 
reactants, to synthesize films in successive monolayers.31 
 An anti-reflection coating and a metal top contact (Figure 4.1) is placed on top of 
AZO. The top contacts most commonly used are Ni/Al grids, as they provide an ohmic 
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contact with the n-type layer.6, 32 The current is transferred from the AZO to the metallic 
contact which is connected to an external load.33 The top contact enhances the electrical 
contact, while the anti-reflection coating reduces the loss of light as a result of reflection.  
4.2. Experimental 
Chemicals were as described in Section 2.2.1 and Section 3.2 with the addition of sulfur 
(99.98%) and cadmium acetate hydrate (99.99+%), which were purchased from Sigma-
Aldrich. Ammonium hydroxide (29.0-30.0%) and ethylene glycol (≥99.0%), from Caledon, 
were also used. Preparation of CZTS NCs were as described in Section 2.2.2. The starting 
ratio of copper: zinc: tin: sulfur for the Cu-poor sample was 0.89: 1.47: 1.00: 3.79. The FTO 
substrates were cleaned using the same procedure described in Section 3.2.1. The Mo coated 
subsrates (Guardian EcoGuard, 3 mm thickness, sheet resistance ~ 0/55 Ω/sq) were rinsed 
with ethanol twice and dried using argon gas. 
4.2.1. Deposition Techniques used to Prepare CZTS Thin Films 
Spin-­‐coating	  
Upon dispersion of CZTS NCs in isopropanol (Section 3.2.1), a drop of the sample is 
deposited onto the substrate while spinning at 2500 rpm for 30 s. The centripetal force allows 
the sample to spread over the substrate. This process was repeated 23 times for FTO and 20 
times for Mo. Once completed the sample was left to dry to ensure complete evaporation of 
the solvent. 
Joule	  heating	  
Electrodes were attached to opposite sides of the coated substrate. These were 
connected to a DC voltage generator (Keithley 2400 SourceMeter). The voltage was set to 
21V and the desired current was set. A drop of the sample was then dispersed onto the 
surface and left to dry.  
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Figure 4.2. Joule heating apparatus. Electrodes attached to both sides of the conductive 
coated substrate while a current is applied. The inset demonstrates a zoomed-in image 
of the dropcast CZTS NCs.  
Dip-­‐coating	  
The substrate was placed in the reaction vial as crystallization was occurring at 180°C 
in atmospheric pressure. The crystallization step has been previously discussed in Section 
2.2.2. After 10 min the coated back contact was removed and the nanocrystals remaining in 
the solvent were discarded. This procedure was repeated for each coating. The samples were 
then rinsed using isopropanol and left to dry.  
4.2.2. Sulfurization of Thin Films 
The samples were sulfurized in an annealing furnace (Lindberg/Blue M tube furnace, 
Thermo Scientific). Initially the samples were placed on a stage and loaded into a quartz tube 
along with 15mg of solid S. This was then placed in the furnace and sealed. The system was 
then purged with Ar gas 4-5 times, to remove any oxygen. The temperature was then set to 
250°C for 20 min and then ramped up 550°C for 30 min. The chamber was then left to cool 
and the sulfurized samples were removed at ~25°C.  
4.2.3. CdS Deposition 
Cadmium sulfide (CdS) was deposited onto the CZTS layer via chemical bath 
deposition. The procedure used was similar to that reported by Lei, B. and colleagues.34 
Cadmium acetate (Cd(OAc)2), 1M ammonium acetate (NH4OAc), 0.5M thiourea and 
ammonium hydroxide were placed in a beaker containing DI water. The bath temperature 
was set to 65 °C and the CZTS samples were placed in the solution for 30 min. Once 
completed the samples were rinsed with DI water and placed on a hot plate set to 100 °C for 
30 min to remove any trapped water within the samples.  
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4.2.4. Intrinsic ZnO and Al-doped ZnO Deposition and Top Contact 
The i:ZnO and AZO were deposited using atomic layer deposition (Cambridge 
Nanotech Savannah S200 ALD). To deposit the layers, the system was first purged with Ar 
gas. Ar was set to 20 sccm, the chamber temperature was set to 200°C and the pressure was 
~10-1 mbar. To deposit ZnO, first the precusor for zinc (diethyl zinc, 95%, Strem Chemicals 
Inc.) was pulsed for 15 ms, thereafter the pressure was equilibrated for 15 s. Water was then 
pulsed into the system for 15 ms and equilibrated for 15 s. The process was repeated for 300 
cycles (thickness of 1.67 Å/cycle) to create 50nm of ZnO. AZO was deposited in a similar 
manner, the only difference was that the pulse time and equilibration times were shortened to 
8 ms. After every 10th cycle of Zn and H2O, Al (trimethylaluminum, 98%, Strem Chemicals 
Inc) was pulsed into the system to create a 5% Al doping in ZnO. This step was repeated for 
51 cycles to create an AZO layer with a thickness of 150nm.A general representation of the 
sequential pulsing of the precursors is demonstrated in Figure 4.3. The CZTS film, coated 
with CdS, is placed on what is called a platen and ZnO or AZO is pumped into the system 
(A). Excess reactants and/or byproducts are removed by purging, thereafter water is 
introduced (B) and this process is repeated for several cycles until the desired thickness is 
achieved.  
In order test the efficiency of the device after the ZnO and AZO depositions, small 
pieces of In metal were used as the top contact. Grid lines were made using a razor blade and 
a very small piece of In was cut and placed in the corner of each rectangle (3x4 mm).  
 
	  
Figure 4.3. The sequential steps which occur to deposit ZnO or AZO, using ALD. Pulse 
A represents the first precursor (diethyl zinc or trimethylaluminum) and pulse B 
corresponds to water.   
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4.2.5. Characterization 
The PEC measurements and SEM used for characterization were the same as 
described in Section 3.2.2. The device efficiency was measured using the same Ivium 
CompactStat instrument used for IMPS (Section 3.2.2). The IV curves were generated upon 
the use of standard test conditions. The measurements were recorded at room temperature 
(~25°C), using a light source that corresponded with the AM1.5 spectrum, which is 
representative of sunlight. An illumination intensity of 100 mW cm-2 was used. These 
measurements were also repeated in the absence of light.  
4.3. Results and Discussion 
4.4.1. Thin Film Fabrication using the Dip-coating Method 
The dip-coating technique involved the self-assembly of the CZTS NCs onto the 
substrate during the synthesis, simultaneously. Specifically, the substrate was placed 
motionless in the hot reaction vial as crystallization was occurring (180 °C), with the 
intention of CZTS adhering to the coated glass in a more compact and uniform manner. The 
efficiencies of these films were tested via PEC measurements (Figure 4.4 and Figure 4.5) 
CZTS was deposited on both FTO (Figure 4.4) and Mo coated glass (Figure 4.5). 
 
	  
Figure 4.4. The PEC measurements of CZTS deposited on FTO glass. 1-6 represent the 
number of times the substrate was placed in the reaction vial, corresponding to the 
number of layers deposited. 
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In reference to the FTO samples (Figure 4.4) the range of photoresponse between -
0.2V and -0.4V, for the 1, 2, 3, 4, 5 and 6 layers were 3-6 µA/cm2, 23-35 µA/cm2 and 65-76 
µA/cm2, 15-21 µA/cm2, 20-26 µA/cm2 and 2-3 µA/cm2 respectively. The 3 layer deposition 
showed the highest photocurrent and this diminished upon additional depositions (4, 5 and 6 
layers). The monolayer and bilayer were likely too thin to completely block the exposed back 
contact and as a result lead to low photocurrents. The third layer of CZTS most likely 
blocked the exposed substrate and filled in any remaining cracks on the surface, allowing 
better electron flow. The photocurrent for the 3 layer CZTS is also higher than that of the 
dropcast sample shown in Figure 4.4 (45-53 µA/cm2). This could be because the NCs are 
more tightly bound and better adhered to the substrate, allowing greater electron flow, in turn 
a higher photoresponse. 
The low photocurrent observed in layers 4, 5 and 6 could be due to the thickness of 
the film. Most likely, the extra layers lead to a film that was too dense, which limited electron 
transfer causing a decrease in the photocurrent. Furthermore, as shown in the inset, the 
transients contain a different shape than the 3 layer CZTS. Clearly visible for the 2, 4 and 5 
layers, the initial increase of current is slower and not as distinct as the 3-layer sample. This 
suggests that the pace in which the electron is able to transfer through the film and into the 
SCR is occurring at a slower rate vs. the 3-layer CZTS.  
The range of the photocurrent for CZTS deposited on Mo (Figure 4.5) between -0.2V 
and -0.4V, for the 1, 2, 3, 4, 5 and 6 depositions were 6-7 µA/cm2, 15-26 µA/cm2, 25-42 
µA/cm2, 85-108 µA/cm2, 60-73 µA/cm2 and 69-93 µA/cm2, respectively. The 4-layer film 
had the highest photoresponse followed by the 6th and 5th. The differences between the FTO 
coated CZTS and Mo was that a significant drop in the current was not seen after the ideal 
deposition thickness was reached (4 layers). Also, the films showed a higher photoresponse 
and more ideal PEC transients. This is expected as the Mo back contact has lower overall 
resistance (0.55 Ω/sq) than the FTO glass (7 Ω/sq). The Mo substrates were also placed in the 
reaction flask in the presence of sulfur, which could have induced the production of MoS2. If 
a thin layer of MoS2, with suitable properties (p-MoS2), forms at the semiconductor/substrate 
interface, it can provide a good ohmic contact between the back contact and the absorbing 
layer.35 The formation of this could have been possible and the enhanced contact would have 
reduced the recombination rate of minority carriers.  
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Figure 4.5. The PEC measurements of CZTS deposited on Mo coated glass. Labels 1-6 
represent the number of times the substrate was placed in the reaction vial 
corresponding to the number of layers deposited. 	  
Upon illumination, a sharp peak in the transient is visible, this type of overshoot 
occurs due to a build-up of trapped charge, as there is an imbalance in electron-hole mobility. 
The sharp rise is followed by steep decay, indicative of a slow detrapping rate in the system. 
When the light is turned off, the drop in current is followed by a steady state. This steady 
state is merely visible for samples deposited on FTO (Figure 4.4). The decay kinetics 
indicates that the CZTS NCs deposited on Mo had a faster rate of charge extraction vs. ones 
fabricated on FTO.	  
The surface morphology of the films deposited on the Mo substrate were analyzed 
using SEM (Figure 4.6).  
 
	  	  
69	  
	  
Figure 4.6. SEM images of CZTS thin films on a Mo substrate. The 1-layer (a), 2-layer 
(b), 3-layer (c), 4-layer (d), 5-layer (e) and 6-layer (f) depositions were done using the 
dip-coating method. 
 
The 1 (Figure 4.6 (a)) and 2 (Figure 4.6 (b)) layers appeared to have the most uniform and 
smooth surfaces. As the layer-by-layer depositions increased (Figure 4.6 (c) – (f)) the surface 
roughness of the films also increased.	  
As shown in Figure 4.6 (e) and (f), various areas of the film appear dense and this can 
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be attributed to a build-up of NCs. Besides the temperature, there is no control over various 
parameters such as speed, amount of CZTS deposited and back contact alignment; therefore, 
as CZTS adheres onto the substrate, non-uniformities and projecting regions become more 
apparent with the growing films. The lack of control also results in inconsistencies.  
Considering CZTS thin-films have an ideal thickness of 1-2µm the cross-section of 
the 5 and 6 layered films were detected (Figure 4.7). As shown there are density variations 
throughout both films and the addition of the 6th layer led to a thickness difference of 3.5 
times. It is not only important for a sample to have a constant thickness throughout the 
majority of the film but also control within depositions, to ensure experimental consistency.	  	  
	  
Figure 4.7. Cross section of the 5-layer (a) and 6-layer CZTS films on Mo-coated 
substrates. 	  
Despite this technique resulting in films in which were more compact and less porous 
than the dropcast samples, the lack of deposition control and uneven surface were not ideal 
for device fabrication. High levels of controllability are essential during film formation. 
Another drawback of this method is that the remaining CZTS NCs in solution, which did not 
deposit onto the substrate, were no longer required and discarded. For example, the 4-layered 
film achieved the highest photocurrent; however, it also required 4 batches of CZTS to be 
synthesized, making the majority of the sample waste and the process costly. The use of this 
method meant that the low cost associated with the one-pot synthesis was no longer 
applicable, as it required several batches to be made. If this approach had produced a 
dramatic increase in photocurrent, in reference to the dropcast method, then the final 
efficiency could have outweighed the costs. Having established that an important factor in 
our fabrication is to maintain low levels of cost and waste, another method of deposition was 
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explored.  
4.4.2. Thin Film Fabrication using the Joule Heating Method 
Joule heating was used as a method for drying the CZTS thin films upon dropcast. 
PEC measurements were taken of the CZTS samples deposited onto FTO & Mo-coated glass, 
after dispersion in either ethylene glycol (EG) or isopropanol. The viscosity of EG is ~8x 
greater than that of isopropanol,36 which means it can take up to several days to dry in open 
air; however using joule heating this can be accomplished in minutes.  
Figure 4.8 displays the photocurrent of the Mo-coated thin films, which were 
determined upon drying using a constant current of 0.8A or 1.0A. In reference to the 
isopropanol samples, the photocurrent range, between -0.2V and -0.4V, using 0.8A and 1.0A 
were 31-32 µA/cm2 and 17-18 µA/cm2, respectively. A noticeable drop in the photoresponse 
is seen (31-32 µA/cm2 to 17-18 µA/cm2) with the increase in the applied current. The range 
of photoresponse for the samples dispersed in EG were 32-33 µA/cm2 (0.8A) and 18-19 
µA/cm2 (1.0A). A similar trend is noted, in which a sudden drop in photocurrent is seen with 
the increase in applied current.  
 
	  
Figure 4.8. The PEC measurements of the CZTS films dispersed in (a) Isopropanol and 
(b) EG dried on Mo-coated substrates, at an applied current of 0.8A and 1.0A. 	  
Similar measurements were done using FTO as the substrate (Figure 4.9). Lower 
currents were applied (0.3A and 0.5A) because the surface resistivity of the Mo coated glass 
is 0.55 Ω/sq and for FTO it is approximately 7 Ω/sq. This allows for more efficient 
transformation of heat in a shorter period of time. Despite the lower currents, CZTS 
deposited on Mo-glass substrates still required a much longer joule heating time vs. ones 
deposited on FTO. 
When using isopropanol as the dispersion solvent, the range of photoresponse 
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between -0.2V and -0.4V, were 22-24 µA/cm2 (0.3A) and 25-27 µA/cm2 (0.5A). The 
photocurrent range for the EG samples were 48-49 µA/cm2 and 30-31 µA/cm2 using an 
applied current of 0.3A and 0.5A, respectively. Parallel to data shown in Figure 4.8, a 
decrease in the current density is seen with the increase in applied current. The samples 
dispersed in isopropanol displayed lower photocurrents than ones dispersed in EG. Overall, 
the latter films contained the highest photocurrent of all of the other samples. This could be 
because EG has been found to have a high contact angle on FTO substrates.37 The better 
adhesion would result in greater charge transfer and in turn a higher photoresponse.  
 
	  
Figure 4.4. The PEC measurements of the CZTS films dispersed in (a) Isopropanol and 
(b) EG dried on FTO substrates, at an applied current of 0.8A and 1.0A. 	  
To further assess the trends seen in the photoresponse, relative to applied current, 
surface analysis was done using SEM. The images shown in Figure 4.10 correlates with the 
films deposited on FTO using EG as the solvent. Figure 4.10 (a) displays the photocurrent 
transients of the films synthesized using a constant current of 0.3A, 0.4A and 0.5A. The only 
difference between Figure 4.10 (a) and Figure 4.10 (b) is the addition of the photoresponse of 
the film dried at an applied current of 0.4A (41-42 µA/cm2). This was done to further confirm 
the trend seen in the PEC measurements previously shown. Figure 4.10 (b)-(d), correspond to 
the synthesized films using a constant current of 0.3A, 0.4A and 0.5A, respectively. The 
pattern seen in the morphology of the films is an increase in the number of cracks with the 
increase in current. Overall the number of islands separated by cracking increases. In relation 
to the PEC measurements the increase in the density of cracks could be the primary reason 
for the gradual decrease in photocurrent for samples deposited at 0.3A, 0.4A and 0.5A, 
respectively.  
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Figure 4.10. CZTS thin films dried at different applied currents. The PEC 
measurements of the samples dispersed in EG and deposited on FTO at an applied 
current of 0.3A, 0.4A and 0.5A is shown in (a). The SEM images of the films fabricated 
at an applied current of (b) 0.3A, (c) 0.4A and (d) 0.5A are also demonstrated.   	  
It is likely that the rise in temperature induces thermal and mechanical stresses due to 
the different coefficients of thermal expansion of the materials; in turn, the higher the applied 
current, the greater this stress. This is could be the reason why the increase in film cracking 
and decrease in photocurrent is seen, with the increase in applied current. Joule heating of the 
films triggered the formation of cracks. This technique did not cause a photocurrent 
enhancement, greater than the photoresponse using the dropcast method. With this regard a 
final deposition technique, using spin-coating, was investigated.  
4.4.3. Thin Film Fabrication using the Spin-coating Method 
The last method of deposition was via use of spin-coating. This method allowed for a 
uniform deposition of the CZTS NCs, which were dispersed in iPrOH. Figure 4.11 shows the 
PEC measurements for the spin-coated samples on multiple FTO and Mo substrates. The 
range of photocurrent for CZTS deposited on FTO and Mo were between 69-75 µA/cm2 and 
60-77 µA/cm2, respectively. The photocurrent obtained using this technique exceeded that of 
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the dropcast method. The thickness and overall morphology for each of the multiple samples 
were consistent and highly reproducible, making it an appealing process for thin film 
fabrication. Isopropanol was the solvent of choice as its low surface tension (0.021 N/m)38 
allows it spread over the surface of a spinning substrate easily and prior to evaporation; thus 
creating a more uniform film.  
	  
Figure 4.11. The PEC measurements of the CZTS films deposited via spin-coating on 
(a) FTO and (b) Mo-coated substrates. The black and red colors represent the 
measurements taken of two different samples. 
The SEM images in Figure 4.12 illustrate the surface topography of the thin films 
deposited on FTO (Figure 4.12 (a)) and Mo (Figure 4.12 (b)).  
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Figure 4.12. SEM images of the CZTS films deposited on (a) Mo and (b,d) FTO. The 
films fabricated using (a,b,c) spin-coating and (d) dropcast are shown. The cross-section 
of the spin-coated sample is demonstrated in (c). 	  	  
The thickness of the films was approximately 1.5 µm, which is in alignment with the desired 
CZTS thickness of 1-2µm. In comparison to the dropcast method (Figure 4.12 (d)) there is a 
drastic decrease in the number of cracks. As previously indicated a more uniform film with 
less defects and grain boundaries will facilitate greater charge transfer from the bulk of the 
material to the surface. This is primarily because of reduced electron trapping at the surface. 
4.4.4. Full Device 
Once optimization of the absorbing layer was completed, the subsequent layers were 
deposited and the opto-electronic properties of the final device were measured. In this 
investigation, the final device was fabricated via spin-coating the CZTS layer. To induce 
more desirable films, the samples were annealed in the presence of sulfur. A chemical bath 
deposition was used to deposit the CdS buffer layer and by means of ALD the final device 
was fabricated via layering AZO and ZnO. 
	  	  
76	  
Figure 4.13 shows the IV curve of the full device under illumination and in the dark. 
This was plotted upon varying the applied voltage while measuring the current. The device 
efficiency obtained was 0.0003% (Jsc= 3.65 µA/cm2, Voc = 0.468V, FF=45%).  
 
	  
Figure 4.13. Full Device tested under illumination and in the dark. 
 
The low efficiency could have resulted from several factors, including optical and 
electrical losses. Optical losses refers to light that is lost via reflection. Although majority of 
light hitting the device is absorbed some of it can be reflected. Experimentally, this could 
have contributed to the low device efficiency as it causes a reduction in the number of 
generated electron-hole pairs. To reduce this effect anti-reflection coatings are predominately 
applied.39-41 The application of this requires further investigation; however, could have been 
advantageous in this study.  
The second contributing factor for the poor performance can be vastly attributed to 
electrical losses as a result of imperfections and secondary phases. Certain crystal defects and 
impurity atoms within the layers can lead to traps and grain boundaries. This would then lead 
to recombination, which would reduce the Jsc and further impact the Voc. Although secondary 
phases were not detected using Raman (Figure 3.3, Chapter 3), the samples were later 
annealed in a sulfur atmosphere, which could have induced their formation.  
As shown in a publication by Ahmed et al. when the sulfurization parameters are not 
optimized secondary phases such as Cu2S and Cu2SnS3 phases can form.42 Phases with small 
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band gaps, such as Cu2-xS and Cu2-xSnS3, would enhance recombination and cause frequent 
shunting.43-44 The formation of ZnS, which has a large band gap (3.5-3.8 eV)45, may 
contribute to a devices’ low current density, as it could absorb a lights shorter wavelengths;5 
however, as stated in Chapter 3, this contribution is not detrimental, as it does not behave like 
a recombination center.5, 46  
Resistive effects can cause frequent shunting within a device. The series resistance 
(Rs) is caused by three factors: (1) The first being the resistance of the ohmic contact between 
the coated substrate and the absorbing layer, (2) the resistance of the p- and n-type layers to 
the flow of minority carriers, (3) the resistance of the top and bottom contacts.47 The larger 
the Rs value, the smaller the maximum power output and FF. Secondary phases can increase 
the Rs, primarily when located at the p-n junction or near the back contact.  
The shunt resistance (Rsh) can also affect the electronic properties of a final device. 
Rsh provides an alternate path for the photocurrent, thereby minimizing the flow of minority 
carriers through the device junction. Secondary phases, metal oxides and certain defects 
would act as current barriers and recombination centers, resulting in a decrease in the Rsh. 
Conductive secondary phases, such as Cu2-xS and Cu2-xSnS3 have been shown to cause 
shunting pathways and have a large impact on the solar cells Jsc.46 Recombination in the bulk 
and or at the surface of the material could have caused losses in the Jsc and Voc. Lastly defects 
in the other layers could have assisted in the low efficiency.  
4.4. Conclusions 
Different deposition techniques were tested as dropcasting followed by air-drying 
resulted in an uneven surface, presence of cracks and overall low reproducibility. The 
objective of these studies was to improve the photocurrent of the samples without having to 
compromise the cost. The deposition methods used included, dip-coating, joule heating and 
spin-coating.  
For the dip-coating technique the 3-layer deposition on FTO showed the highest 
photocurrent (65-76 µA/cm2), while the photoresponse diminished upon additional 
depositions. As for Mo, the 4-layer film had the highest photoresponse (85-108 µA/cm2) 
followed by the 6th (69-93 µA/cm2) and 5th (60-73 µA/cm2). The monolayer and bilayer for 
both samples were likely too thin to completely block the back contact and as a result showed 
the lowest photoresponse. The drawbacks of this technique were the lack of deposition 
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control, uneven coatings and the high amounts of waste. The synthesis of multiple batches 
also increased the overall cost associated with the process.  
The second deposition method explored was Joule heating. This technique was used 
to dry the samples, post-dropcast, via heat transfer from the coated back contact. The PEC 
measurements from the samples deposited on both FTO & Mo-coated substrates showed a 
similar trend in that a sudden drop in the photocurrent was seen with the increase in applied 
current. The SEM images indicated an increase in the number of surface cracks, which was 
most likely due to enhanced thermal and mechanical stresses, via the increase in applied 
current. These finding implied that the decrease in current density for the PEC results, were 
due to the increase in film cracking, as a result of stress.  
The final deposition technique investigated was spin-coating. The range of 
photocurrent for the samples deposited on FTO and Mo were between 69-75 µA/cm2 and 60-
77 µA/cm2, respectively. The high reproducibility and relatively more uniform film (vs. 
dropcast films) resulted in further fabrication of these films towards a full device. 
Upon sulfurization of the CZTS films, the layers were coated with CdS, AZO and 
ZnO. The full device gave rise to an efficiency of 0.0003% (Jsc= 3.65 µA/cm2, Voc = 0.468V, 
FF=45%). The low efficiency could have resulted from optical and/or electrical losses. As 
these devices did not contain an anti-reflection coating, some of the light hitting the device 
could have been reflected and lost. Imperfections and secondary phases could have lead to 
the low efficiency and ultimately impacted the Jsc,Voc and FF. 
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Chapter 5. Conclusions and Future Perspectives	  
 
The aim of this project was to compositionally optimize the CZTS NCs and thereafter 
synthesize and fabricate thin films via a low energy and cost method. The first part of the 
project focused on determining the effects of stoichiometry on CZTS crystallinity and overall 
film quality. This was done by initially determining the precursor ratios required to yield the 
selective final compositions. Upon optimization of the stoichiometry, alternative deposition 
methods were explored using the Cu-poor, Zn-rich composition. The influence of the 
fabrication techniques (dip-coating, joule-heating and spin-coating) on the electronic 
properties of the films was determined via PEC measurements. The spin-coated samples 
were then selected for device fabrication.  
The preliminary results of a device with a working p-n junction yielded a low efficiency. 
In addition to the optimization of the absorber layer, further work on the subsequent layers is 
required. The sulfurization conditions can vastly impact a devices efficiency. Although in 
literature it has consistently been shown to lead to high quality films, the optimization of its 
parameters, in accordance with the CZTS film, is essential. The lack of this investigation can 
enhance the formation of secondary phases and ultimately affect a devices efficiency. 
Future research should also explore the impact and optimization of the subsequent layers. 
CdS has been commonly used as the n-type buffer layer for CZTS; however, its toxicity 
raises environmental concerns. Also, as previously indicated the band gap of CdS is 2.42 eV, 
which causes some of the photons hitting the sample to be absorbed before reaching the 
CZTS layer. Investigations using an alternative, such as Zn(O,S) have been reported, but 
require optimization. The replacement of this layer could deem advantageous for future 
device fabrication and application. 
Lastly, the deposition conditions for the i-ZnO and Al doped ZnO layers need to be 
optimized as the temperature and deposition time can vastly affect their sheet resistance. 
Further investigations into the aforementioned properties/conditions, followed by a final anti-
reflection coating, can improve the overall device performance.	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